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ABSTRACT
T r i s u b s t i t u t e d  olefins are a c h a l l e n g i n g  target for s t e r e o s e l e c t i v e  
sy n t h e s i s .  We have m o d i f i e d  the com p o n e n t s  of Z i e g l e r - N a t t a  p o l y m e r i z a t i o n  
systems in order to obt a i n  t r i s u b s t i t u t e d  olefins s t e r e o s e l e c t i v e l y .
A series o f  r i n g - s u b s t i t u t e d  b i s ( c y c l o p e n t a d i e n y l ) t i t a n i u m ( I V ) d i c h l o r i d e  
compo u n d s  was u t i l i z e d  to s t u d y  the alkyla t i o n  of 3 - b u t yn-l- ol. As 
the d e g r e e  of r i n g - s u b s t i t u t i o n  increased there was an increase in 
the s t e r e o s e l e c t i v i t y  o f  methyl ation of 3-butyn-l- ol [ ( M e g C p ^ T i C l  2 >  
(t.-buCp)2T i C l2 =  ( M e C p )2T i C l2 = C p 2T i C l2]* (M e g C p )2Ti C l2 provided a sin g l e  
p roduct, 3 - m e t h y l - 3 - b u t e n - l - o l . Ethyla t i o n  of 3-butyn-l- ol in these 
systems was less s a t i s f a c t o r y .
T i t a t i u m  t e t r a c h l o r i d e  (T i C 14) was i n v e s t i g a t e d  with various alkynols, 
based on 3- b u t y n - l - o l ,  in order to d e t e r m i n e  any effects o f  alkynol 
s u b s t i t u e n t s  on s t e r e o s e l e c t i v i t y  o f  alkylation . The series of alkynols 
s t u d i e d  all gave s i n g l e  products arising from c i s - c a r b o m e t a l1ation 
w h e r e  the methyl gr o u p  was found on the o l e f i n i c  carbon atom furthest 
from the hydroxyl group.
iv
INTRODUCTION
In the e a r l y  1950's, Karl Ziegler^ d i s c o v e r e d  c a t a l y s t  systems for 
facile p o l y m e r i z a t i o n  of e t hylene. The c a t a l y s t  systems co n s i s t  of a main 
group o r g a n o m e t a l l i c  c o m p o u n d ,  u s u a l l y  an o r g a n o a l u m i n u m ,  and an e a r l y  
t r a n s i t i o n  metal c o m p o u n d .  An e x a m p l e  is a m i x t u r e  of t i t a n i u m  t e t r a ­
c h l o r i d e  and d i e t h y l a l u m i n u m  c h l o r i d e  in an inert o r g a n i c  s o l vent such as 
hexane or m e t h y l e n e  chlor i d e .  When e t h y l e n e  is added to the c a t a l y s t  
s ystem a fac i l e  p o l y m e r i z a t i o n  occurs w h i c h  re s u l t s  in linear, high- 
d e n s i t y  p o l y e t h y l e n e .  S u b s e q u e n t  study of Ziegler type c a t a l y s t s  by 
Natta^ showed that t h e y  not o n l y  c o n v e r t  e t h y l e n e  into linear, high- 
d e n s i t y  po l y e t h y l e n e ,  but that t h e y  also r a p i d l y  c o n v e r t  a - o l e f i n s  such as 
p r o p y l e n e  in a head - t o - t a i l  m a n n e r  into s t e r e o r e g u l a r , i sotactic polymers, 
i.e., the c o n f i g u r a t i o n  at each chiral carbon atom in a p o l y m e r  chain is 
the same.
The c o m m o n l y  a c c e p t e d  m e c h a n i s m  for Z i e g l e r - N a t t a  p o l y m e r i z a t i o n  is 
given in Figure 1.3»4 in the p r e s e n c e  of an alkyl a l u m i n u m  r e a gent a 
t i t a n i u m  (IV) c o m p o u n d  forms an a l kylated f i v e - c o o r d i n a t e  t i t a n i u m  c o m plex 
(I) via ligand e x c h a n g e  be t w e e n  t i t a n i u m  and a l u m i n u m  species. The five- 
c o o r d i n a t e  c o m p l e x  (I) is c o o r d i n a t i v e l y  u n s a t u r a t e d  since t i t a n i u m  (IV) 
m o s t  c o m m o n l y  occ u r s  with a c o o r d i n a t i o n  n u m b e r  of six. Thus, the t i t a n i u m  
c e n t e r  is c o n s i d e r e d  to have a vaca n t  c o o r d i n a t i o n  site. An o l e finic 
m o n o m e r  can n o w  c o o r d i n a t e  t h r ough its TT-bonded e l e c t r o n s  to t i t a n i u m  at 
the vacant site (II). The ole f i n  becomes a c t i v a t e d  for c a r b o m e t a l1ation
(III), i.e., add i t i o n  of the titaniu m - a l k y l  m o i e t y  across the d o u b l e  bond. 
This "growth step" incr e a s e s  the chain length of the p o l y m e r  by one m o n o m e r  
unit and r e g e n e r a t e s  the vacant site (IV) so that c a r b o m e t a l ! a t i o n  of an
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3ole f i n  m o n o m e r  can be repeated. Thus, olef i n  p o l y m e r i z a t i o n s  are 
e x t r e m e l y  f a c i l e  and r e p e t i t i v e  c a r b o m e t a l1ation r eactions.
N atta et al_.^ and M i y a z a w a  and Ideguchi^ have shown that the 
c a r b o m e t a l ! a t i o n  step d e s c r i b e d  in Figure 1 occurs in a cis m a n n e r .  T heir 
c o n c l u s i o n s  w e r e  based on infrared a n alysis of p o l ymers w h i c h  had been 
formed f rom s e l e c t i v e l y  d e u t e r a t e d  p r o p y l e n e  m o n o m e r s .  Thus, the Zie g l e r - 
Natta c a t a l y s t  systems are r e g i o s e l e c t i v e  and s t e r e o s e l e c t i v e  as well as 
faci l e  c a r b o m e t a l l a t i n g  reagents; however, c a r b o m e t a l1ation is v i r t u a l l y  
u ncon t r o l l e d .
The two m a j o r  goals o f  synt h e t i c  or g a n i c  c h e m i s t r y  are the e x t e n s i o n  
of c a r b o n  f r a m e w o r k s  and the f u n c t i o n a l i z a t i o n  or d e f u n c t i o n a l i z a t i o n  of 
c arbon f r a m e w o r k s . ^  The former goal is m o r e  d i f f i c u l t  due to s t e r e o ­
chemical v a r i a t i o n s  w i t h i n  a given carb o n  c o n s t i t u t i o n  and f ewer w e l l -  
d e f i n e d  c a r b o n - c a r b o n  bond f o r ming r e a c t i o n s . ^  S ince c a r b o n - c a r b o n  bond 
f o r m a t i o n  is facile, r e g i o s e l e c t i v e  and s t e r e o s e l e c t i v e  in Z i e g l e r - N a t t a  
type c a t a l y s t  systems, the goal of the r e s e a r c h  r e p o r t e d  herein is to 
m o d i f y  Z i e g l e r - N a t t a  c a t a l y s t  s y s tems in o rder to control the c a r b o -  
m e t a l l a t i o n  thus o b t a i n i n g  the p r o d u c t s  of a single c a r b o m e t a l1ation step. 
The two a p p r o a c h e s  toward a c h i e v i n g  the goal involve c h a n g i n g  the 
u n s a t u r a t e d  s u b s t r a t e  and c h a n g i n g  the ligand e n v i r o n m e n t  of the t r a n s i ­
tion metal such that r e p e t i t i v e  c a r b o m e t a l1ation w ould be u n f avorabl e.  
Success in this r e s e a r c h  wo u l d  p r o v i d e  a ne w  m e a n s  of s e l e c t i v e l y  forming  
c a r b o n - c a r b o n  bonds in n o n - m a c r o m o l e c u l a r  synthesis.
Our basic a p p r o a c h  to c o n t r o l l e d  carbom e t a l  1 ation, w h i c h  serves as the 
basis for the r e s e a r c h  r e p o r t e d  herein, can be illustrate d by c o n s i d e r i n g  
the a l k y l a t i o n  of 3-butyn-l- ol via the t i t a n i u m  t e t r a c h l o r i d e - t r i m e t h y l - 
a l u m i n u m  system. 3-Butyn-l-ol is allowed to r eact with t r i m e t h y l a l u m i n u m  
to f o r m  the m i x e d  species p e n t a m e t h y l ( 3 - b u t y n - l - o x y ) d i a l u m i n u m ,
Com p o u n d  V is then allowed to react w i t h  t i t a n i u m  t e t r a c h l o r i d e .  Figure 2 
i l l u s t r a t e s  the c h e m i s t r y  that is e n v i s i o n e d  to take place from this point. 
The t i t a n i u m  t e t r a c h l o r i d e  and V r eact to f o r m  a b i n u c l e a r  3 - b u t y n - l - o x y -  
a l u m i n u m - t i t a n i u m  c o m p l e x  in w h i c h  the t i t a n i u m  has been m e t h y l a t e d  via 
ligand excha n g e ,  i.e., methyl g r o u p - c h l o r i d e  exchange. At this point the 
s i g n i f i c a n c e  of c h o o s i n g  to a l k ylate an u n s a t u r a t e d  alcohol is apparent. 
C o o r d i n a t i o n  of the u n s a t u r a t e d  a l c o h o l i c  s u b s t r a t e  t h r o u g h  its oxygen 
atom should favor an i n t r a m o l e c u l a r  s i n g l e - s t e p  c a r b o m e t a l ! a t i o n  of the 
t r i p l e  bond and m a k e  p o l y m e r i z a t i o n  s i g n i f i c a n t l y  less f avorable. P o s ­
sible c a r b o m e t a l1a t i o n - p r o t o n o l y s i s  s e q u e n c e s  leading to alkenol p r oducts 
are shown in the p r o p o s e d  i n t e r m e d i a t e  VI in Figure 2. Recent work has 
d e m o n s t r a t e d  the potential of this a p p r o a c h . ^
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Figure 2. Proposed pathway for the carbometalation of. alkynols with titanium- 
organoalane systems. ( The use of ti and al with reacting groups indicates the 
uncertainty as to the nature of the substitution about the metals in the mixed 
ligand system. Titanium is assumed to be the alkylating center by analogy to the 
accepted Ziegler-Natta polymerization mechanism.)
6The focus of the res e a r c h  reported in this thesis is twofold. First, 
the d i r e c t  s t e r e o s e l e c t i v e  s y nthesis of t r i s u b s t i t u t e d  olefins of specific 
type (Z)-4- m e t h y l - 3 - a l k e n - l - o l  via r e a c t i o n  of internal h o m o p r o p a r g y l l i c  
alcohols w ith the t i t a n i u m  t e t r a c h l o r i d e - t r i m e t h y l a l u m i n u m  Z i e g l e r - N a t t a  
type c a t a l y s t  sys t e m  was investigated. P r e l i m i n a r y  studies indicated that 
this r e a g e n t  s y s t e m  holds substantial p r o m i s e . 9 Second, the s u b s t i t u t e d  
c y c l o p e n t a d i e n y l  c o m p l e x e s  bis (n^-J>butyl c y c l o p e n t a d i e n y l J t i t a n i u m  (IV) 
d i c h l o r i d e  and b i s ( n ^ - p e n t a m e t h y l c y c l o p e n t a d i e n y l ) t i t a n i u m  (IV) d i c h l o ­
ride were synth e s i z e d  for use as the t r a n s i t i o n  metal c o m p o n e n t s  of 
Z i e g l e r - N a t t a  c a r b o m e t a l l a t i n g  systems c o n t a i n i n g  e i t h e r  t r i m e t h y l a l u m i - 
num or d i e t h y l a l u m i n u m  chloride. These systems w ere then utilized in 
c a r b o m e t a l l a t i n g  3-butyn-l- ol. Earlier w o r k ^ O  W1*th a l k ynols had shown 
that b i s ( n ^ - c y c l o p e n t a d i e n y l )- and bis f a ^ - m e t h y l c y c l o p e n t a d i e n y l t i t a ­
nium d i c h l o r i d e  gave e x c e l l e n t  yie l d s  of c a r b o m e t a l l a t e d  products, but the 
r e g i o s e l e c t i v i t y  was poor. We sought to d e t e r m i n e  if the s u b s t a n t i a l l y  
g r e a t e r  steric r e q u i r e m e n t s  of jt-butyl cy c l o p e n t a d i e n y l  and p e n t a m e t h y l -  
c y c o p e n t a d i e n y l  rings would give improved r e g i o s e l e c t i v i t y  w h i l e  r e t a i n i n g  
e x c e l l e n t  overall yield of product.
7REVIEW
S ince this r e serach focuses on m e t h o d s  for s t e r e o s e l e c t i v e  synth e s i s  of 
di- and t r i s u b s t i t u t e d  olefins, the lit e r a t u r e  on the subject was reviewed. 
B e f o r e  p r e s e n t i n g  the literature review, certain terms should be c l e a r l y  
defined. Th e  term "s t e r e o s e l e c t i v e  s ynthesis" refers to a rea c t i o n  sys t e m  
w h i c h  gives p r e d o m i n a n t l y  one of two or m o r e  p o s s i b l e  d i a s t e r e o m e r i c  
products. This is to be d i s t i n g u i s h e d  from a s t e r e o s p e c i f i c  s y nthesis which 
m e a n s  that s t e r e o i s o m e r i c a l l y  d i f f e r e n t  starting m a t e r i a l s  give rise to 
s t e r e o i s o m e r i c a l l y  d i ffering p r o d u c t s . H  For the p u r pose of this paper a 
" t r i s u b s t i t u t e d  olefin" is an o r g anic m o l e c u l e  c o n t a i n i n g  one or more 
o l e f i n i c  linkages having a total of three carbon atoms and one h y d r o g e n  atom 
b r a n c h i n g  f r o m  the o l efinic linkage.
The synthetic methods reviewed in this paper are: additions to 
acetylenes (under which area belongs the experimental work reported 
herein), some reactions of carbonyl compounds, and some rearrangement 
reactions. While several other miscellaneous routes to selected tr is ub ­
stituted olefins have been reported, those discussed here seem to be of more 
general utility. Only methods for synthesizing trisubstituted olefins will 
be discussed since such methods are usually readily applied to synthesis of 
disubstituted olefins. Furthermore, synthesis of trisubstituted olefins 
offers a greater challenge and generally more interesting products.
A ddit i o n s  to A c e t ylenes
T r i s u b s t i t u t e d  olefins can be formed by addition of carbon groups to 
a c e tylenes . One e x a m p l e  o f  this type o f  r e a c t i o n  is the initial informatio n 
o f  a d i s u b s t i t u t e d  vinyl halide from an internal alkyne followed by a
the a c e t y l e n i c  linkage o f  a propa r g y l i c  alcohol (JJ w ith a m i x t u r e  of 
l i t hium a l u m i n u m  h y d ride and alu m i n u m  c h l o r i d e  (60:1) in THF. A d d i t i o n  o f  
iodine to the organol ithium int e r m e d i a t e  gave rise to a t r a n s -g-iodo allylic 
alcohol (4-). However, when (1_) was r e d u c e d  with a m i x t u r e  o f  lithium 
a l u m i n u m  h y d r i d e  and s o d i u m  m e t h o x i d e  (1:2) in THF followed by t r e a t m e n t  
w ith iodine, t r a n s - y-iodo allylic alcohol 2 was obtained. T r e a t m e n t  of 
alcohols (2) and (_4) w ith lithium dimethyl c o p p e r  gave the c o u p l e d  products 
trans , trans -farnesol (_3) and 2 , 7 ,11-trimethyl -trans , trans -2,6,10-dodeca- 
trienol (5_), respecti vely. T r a n s , trans -farnesol is one o f  the simple, 
n a t u r a l l y  oc c u r r i n g ,  s e s q u i t e r p e n o i d  alcohols and was o b t a i n e d  in 6 0 - 7 5 % 
yield. The ke y  s t e p  in the synthesis o f  (_3) was s t e r e o s e l e c t i v e  formation 
of the iodo allylic alcohol {2).
c o u p l i n g  r e a c t i o n  (Scheme I). Corey and P o s n e r ^  s t e r e o s e l e c t i v e l y  reduced
2. c h 2o
I. n -BuLi
=  CH2OH
1. L iA IH 4 /A IC I3 /T H F
2. J2
I. L iAIH4/NaOCH3/T H F ,-7 8  
\  2. J-
J
4 J 2
Li(CH3)2 Cu /ether, O' Li (CH3)2Cu/ether, 0°
SCHEME X
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9C o r e y  et a_]_. ^  u t ilized the m e t h o d  in Scheme I twice in a synthesis of 
c e c r o p i a  j u v e n i l e  hormone (_6). The j u v e n i l e  h o r mone f u n c t i o n  is
.C02CH3
to m a i n t a i n  the larval c h a r a c t e r i s t i c s  of insects. Hence, insects exposed  
to a slight e x c e s s  of juv e n i l e  hormone fail to mature; they die in the larval 
stage. The potential use of synthetic j u v e n i l e  h o r m o n e  as a p e s t i c i d e  
appears to of f e r  promise.
A n o t h e r  me a n s  of o b t a i n i n g  an olefin via a c o u p l i n g  reaction is the 
c a r b o m e t a l l a t i o n  of a terminal a c etylene fol l o w e d  by c r o s s - c o u p l i n g  with an 
or g a n i c  halide. Negishi et aj_.^ have d e v e l o p e d  a r e a c t i o n  system 
S c h e m e  II) in w h i c h  a terminal a c etylene (_7) is c a r b o m e t a l l e d  via a Ziegler- 
N a t t a - t y p e  c a talyst, C p2Z r C l2/ A l M e3 ( C p = n ^ - c y c l o p e n t a d i e n y l ). The carbo- 
m e t a l l a t e d  inte r m e d i a t e  (8) is then treated with an o r g a n i c  hal i d e  in the 
p r e s e n c e  of t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p a l l a d i u m ( 0 ) ,  [ P d (P P h3)4]- The 
r e s u l t i n g  p r o d u c t  (9J is p r e d o m i n a n t l y  the p r o d u c t  of c r o s s - c o u p l i n g  of the 
o r g a n o m e t a l l i c  int e r m e d i a t e  and the o r g a n i c  halide. T a b l e  1 presents a 
s u m m a r y  of c o m p o u n d s  w hich have been studied by Negishi.
R
Me M 
87
M = AI or Zr
R— Br /  ZnCI2 /P d (P P h 3)4
R
2 ( j . - B u2AIH)
Me R
SCHEME II. 9
TABLE 1
METHYLMETALLATION OF TERMINAL ALKYNES VIA 
THE CP2ZRCL2/ALME3 REAGENT FOLLOWED BY [PD (PPH3)4/ZnCL2] 
CATALYZED CROSS-COUPLING WITH AN ORGANIC HALIDE TO 
FORM TRISUBSTITUTED OLEFINS.
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Terminal alkyne
( 1-hexyne)
Organic
halide
Seranyl
chloride
Pd(PPh
Product
(926)
(E,E)-2i6,10-criitiechyl-2,6,9-Cetradecatriene
(1-heptyrte)
vinyl bromide 
Pd(PPh3)
(E)-1-iodo-l- 
hexene
(E)-A-me thy1-1,3-nonadiene
Pd(PPh3)^ (E,E)-8-methyl-5,7-tridecadiene
(73 )
(65 )
1-iodo-l-hexync
Pd(PPh3)/, (90 )
(E)-8-methyltridec-7-en-5-yne
(1-octyne)
allyl bromide (90 )
(E)-5-mechyl-l,A-undecadiene
Pd(PPh3)4
isoprenyl
chloride
Pd(PPh3)4
(98 )
(E)-2 , 6-d irrethy ldodeca-2 , 5-d ienc
v i ny l b r o m i d e
Pd (i’Pli )
I A
(70 )
(6-methvl-5-hop ten-1 -yno)
(E)-A,8-dlme t hyl-l,3,7-nnnatrIenc
O ther work on the f o r m a t i o n  of t r i s u b s t i t u t e d  o l e f i n s  f rom terminal
h alide f r o m  a d i s u b s t i t u t e d  alkyne and subseq u e n t  c o u p l i n g  as in Sche m e  I, 
a terminal alkyne was c a r b o m e t a l l a t e d  via C p2Z r C l2/ A l M e3 fol l o w e d  by 
i odin o l y s i s  (Scheme III) wh i c h  gave a vinyl iodide {11) s t e r e o s e l e c t i v e l y . 
The vinyl iodide was then allowed to u n d ergo a c o u p l i n g  r e a c t i o n  to f orm  
t r i s u b s t i t u t e d  olefins. R e p o r t e d  isolated y i e l d s  of vinyl iodides range 
f r o m  70 to 85%. T a b l e  2 is a list of substr a t e s  used and p r o d u c t s  formed in 
the r e a c t i o n  sequence d e s c r i b e d  in Scheme III.
acetyl e n e s  has been done by Negishi et j*l_. instead of f o r m i n g  a vinyl
R —  C=CH
I. AIMe3 /C p 2ZrCl2
2. 1 , / T H F /O
10 II
I
Coupling reaction with R
e.g. LiCuMe
SCHEME III.
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TABLE 2
M e t h y l m e t a l l a t i o n  o f t e r m i n a l  a l k y n e s
VIA THE CP2ZRCL2/ALME3 REAGENT FOLLOWED 
BY IODINOLYSIS TO FORM VINYL IODIDES.
(1-heptyne)
C83b)
(E)-l-iodo-2-methy1-1-heptene
( 1-hexyne)
l-iodo-2-methyl-l-hexene
<85b)
2-methylbut-3-en-l-yne
1 (70b)
(E)-l iodo-2,3-dimechyl-l,3-bucadie
(phenylacetylene) (833)
(E)-l-iodo-2-phenylpropene
(E)-4-(2,6,6-trimethyl-l- 
cyclohexenyl)-6-methyloct-5-en-l-yne (>70 )
(6-tnechy 1-5-hep ten-1-yne)
(75b)
(E)-l- iodo-2 ,6-dime tliy 1-1, 5-hep tad iene
13
F u n c t i o n a l i z e d  terpen o i d s  have been p r epared by Negishi by t e r m i n a t i n g  
the c a r b o m e t a l1ation of terminal acetyl e n e s  with various carbon h o m o l o g a ­
tion reagents. The two or t h r e e - s t e p  m e t h o d  of this p r o c e d u r e  (Scheme IV) 
o f f e r s  a s l i g h t  a d v a n t a g e  over C o r ey's f o u r - s t e p  m e t h o d  to o l e f i n i c  
alc o h o l s  p r e v i o u s l y  discu s s e d  (Scheme I). The basic scheme of the rea c t i o n  
s e q u e n c e  is given in Sch e m e  IV. S p e c i f i c  r e s ults are listed in T a b l e  3.
The s i m p l e s t  s t e r e o s e l e c t i v e  route to t r i s u b s t i t u t e d  ol e f i n s  has been 
p r e s e n t e d  by T h o m p s o n  et _al_. 10,17 g r 0 U p affected dir e c t  f o r m a t i o n  of
a t r i s u b s t i t u t e d  olefin by h y d r o a l k y l a t i o n  of an internal (i.e. d i ­
s u bstitute d) alkyne. 3-Pentyn-l -ol was a l l owed to react w ith die t h y l -  
a l u m i n u m  c h l o r i d e  (AlEt2Cl) fol l o w e d  by bis-(r|5-c y c l o p e n t a d i e n y l )t i t a n i u m
(IV) d i c h l o r i d e  (C p2T i C 12)- P r o t o n o l y s i s  of the r e a c t i o n  m i x t u r e  r e s u l t e d  
in a m i x t u r e  o f  e t h y l a t e d  3- a l k e n - l - o l s .  £ - 4 - M e t h y l - 3 - h e x e n - l - o l  (12J was 
f o r m e d  by e t h y l a t i o n  of the u n s a t u r a t e d  carbon atom f u r t h e s t  f r o m  the 
hydroxyl g roup (i.e. terminal alkylation ). £ - 3 - E t h y l - 3 - p e n t e n - l - o l  (1 3 ) 
was formed by ethyl ation of the u n s a t u r a t e d  car b o n  atom n e a r e s t  the hydroxyl 
group (i.e. internal alkylation). The two pro d u c t s  w ere formed in a 
r e l a t i v e  ra t i o  of 93:7 terminal to internal e t h y l a t i o n  and in 85% overall 
yield. S u b s t i t u t i n g  ( M e C p )2T i C l2 (50 m o l e  pe r c e n t  r e l a t i v e  to alkynol) for 
C P2T i C 12 (75 m o l e  percent r e l a t i v e  to alkynol) gave an increase in
r e g i o s e l e c t i v i t y  f rom 93:7 to 95:5 terminal to internal a l k y l a t i o n  but a 
d e c r e a s e  in overall y i e l d  f rom 85 to 65%. T h o m p s o n  et _al_. 18 also r e p o r t e d  
p r e p a r a t i o n  of 12 via rea c t i o n  of a 3 - p e n t y n - l - o x y ( c h l o r o ) b i s ( 2 , 4 - p e n -  
t a n e d i o n a t o ) t i t a t i u m  (IV) c o m plex with d i e t h y l a l u m i n u m  chloride. The 
y i e l d s  of a l k y l a t e d  product were m o d e s t  (44 to 53%) a l t hough e x c e l l e n t  
r e g i o s e l e c t i v i t y  was noted (terminal a l k y l a t i o n  only).
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R— C = C —H
AIMe3/Cp_ZrCI. R H
/C = C \
Me AIMe2
n-BuLi
25 °, 3 hr
H
/
R
Me Al M e,B u-n
CO, (excess)
25°, 3 hr
CICH20Me ( 3 X ) 
0°, 2 hr
CICOOEt (3X) 
25°C ,I hr /Me
C=C
R
>=c
Me CH20H
R .H
XC =C  
/ \
Me COOH
/
Me
C = C
R H
\ /
C =  C 
/ \
Me CH2OMe SCHEME IV ,
/H
xcooEt ;
1rtDLC J
M e t h y l m e t a l l a t i o n  o f  t e r m i n a l  a l k y n e s  v i a  t h e  
Cp2Z r C l2/ A l M e3 r e a g e n t  f o l l o w e d  by f u n c t i o n a l i z a t i o n  w i t h
v a r i o u s  c a r b o n  h o m o l o g a t i o n  r e a g e n t s  to  form  t r i s u b s t i t u t e d  o l e f i n s .
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(6-methy1-5-hepten-1-yne)
n-Bul L
CU Clio 
' 2 2 1
n-BuLi 
CH CHCH,0
• O H  (8-/1)
(E)-4,8-d ime thy 1-3,7-nonadien-l-ol
(823)
(E)-l,4»8-trimethy1-3,7-nonadien-l-ol
(C1,20)„
n-Buhi geraniol
(87 )
CICOOEt
n-BuLi
C O O E t
(85 >
ethyl geranate
CICOOEt
(1-heptyne)
C O O E t
ethyl (E)-3-methyl-2-octenoate
(86 )
CO^» n-Buhi
ClCH2OMe
n-BuLi
(CH.O)
2 n
n-BuLi
(E)-3-methyl-2-octenoic acid
, O M e
(E)-3-methyl-2-octenyl methyl ether
.OH
(E)-3-methyl-2-octen-l-ol
(64**)
{19 )
(82*)
CCII 0) 
a-BuLl
( 9 0
(E)-2,6-diini2lliyluii<Jet:fi-2,()- 
d I on-10 -v ne
(E ,E)-f arnesol
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Further s t u d y  of t i t a n i u m  based a l k y lation systems has been rep o r t e d  
by T h o m p s o n  et a j_.^ 3-Buten-l-ol was alkyl a t e d  in a t i t a n i u m  t e t r a c h l o r i d e -  
o r g a n o a l u m i n u m  s y s t e m  where the o r g a n o a l u m i n u m  compounds used w e r e  A l (C2H5}39 
Al (C2H5)^Cl , Al (0113)3, and Al (C H3)2C 1 - In all cases yields of a l kylated 
products w ere m o d e s t  and the syst e m  gave side products such as the h y d r o g e n a t e d  
product, 1-butanol (found in both the m e t h y l a t i o n  and e t h y l a t i o n  sys t e m s )  
and the 3-hydride e l i m i n a t i o n  (subsequent to alkylation ) products, t r a n s - 
3 - hexen-l- ol in the e t h y l a t i o n  s y s t e m  and t r a n s -3-penten-l-ol in the 
m e t h y l a t i o n  system. However, in m a r k e d  c o n t r a s t  to the lack of s e l e c t i v i t y  
with 3 - b u t e n - l - o l , p r e l i m i n a r y  work indicated that alkynol a l k y l a t i o n  in 
a T i C l4/ A l M e3 s y s t e m  was h i g h l y  s e l e c t i v e . 9 For example, Z - 4 - M e t h y l -3-h e x e n -  
l-ol was pre p a r e d  s t e r e o s e l e c t i v e l y  from 3-hexyn-l- ol in an isolated y ield 
of 60% and 4 - m e t h y l - 3 - p e n t e n - l - o l  was o b t a i n e d  in high yield from 3 - p e n t y n - l - o l .
A d d i t i o n s  to acetylenes c o n s t i t u t e  an inter e s t i n g  means of s y n t h e s i z i n g  
di- and t r i s u b s t i t u t e d  olefins. Several m e t hods within this class have been 
examined. A d i s u b s t i t u t e d  alkyne can be s t e r e o s e l e c t i v e l y  c o n v e r t e d  to an 
a ,3-disubs'tituted vinyl halide which can then u n d ergo a c o u p l i n g  r e a c t i o n  
to form t r i s u b s t i t u t e d  olefin. A terminal alkyne can be s t e r e o s e l e c t i v e l y  
m e t h y l m e t a l 1ated to form a 3 , 3 - d i s u b s t i t u t e d  vinyl-meta l 1ic intermedia te.
The i n t e r m e d i a t e  can then be used with an o r g anic halide in a c o u p l i n g  rea c t i o n  
to p r o v i d e  a t r i s u b s t i t u t e d  olefin s t e r e o s e l e c t i v e l y  or can be c o n v e r t e d  
to a vinyl halide itself and then be uti l i z e d  in a c r o s s - c o u p l i n g  reaction. 
Lastly, d i r e c t  c a r b o m e t a l 1ation of a d i s u b s t i t u t e d  alkyne followed by 
p r o t o n o l y s i s  gives rise to a t r i s u b s t i t u t e d  olefin.
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Some R e a c t i o n s  of Carbonyl Compounds
The carbonyl f u n c t i o n a l i t y  is p r e v a l e n t  in nature and is often 
r eact i v e .  Hence, the c h e m i s t r y  of the carbonyl f u n c t i o n a l i t y  is of broad 
scope. W i t h  regard to olefin formation, there are m a n y  m e t h o d s  which 
u tilize the carbonyl group. Three of those m e t h o d s  will be d i s c u s s e d  here; 
t h e y  are the W i t t i g  r eaction, the C o rnforth s y n t h e s i s  and the d i r e c t e d  aldol 
c o n d e n s a t i o n  .
The W i t t i g  r e a c t i o n  is perhaps the m o s t  t r a ditiona l me a n s  of p r e p a r i n g 
olefins. The m e t h o d  involves rea c t i o n  b e t ween a p h o s p h o r a n e  (also cal l e d  a 
p h o s p h o r o u s  y lid) and a carbonyl compound. The ad v a n t a g e s  of the Wittig 
r e a c t i o n  are a lack of a m b i g u i t y  in the location of the o l e f i n i c  linkage and 
that the r e a c t i o n  p r o v i d e s  s i m u l t a n e o u s  olefin f o r m a t i o n  and h o m o l o g a ­
t i o n.20 The r e a c t i o n  is v e r s a t i l e  in the nature and numb e r  both of carbonyl 
c o m p o u n d s  and p h o s p h o r o u s  y l i d s  which will undergo reac t i o n .  The Wittig 
r e a c t i o n  w i l l  p r o c e e d  w i t h  s a t u r a t e d  and u n s a t u r a t e d  a l i p h a t i c  
a ldehydes, a r o m a t i c  aldehydes, a l i p h a t i c  and a r omatic ketones, thio k e t o n e s ,  
ketenes, and i s o c y a n a t e s . 21 Over t w o - h u n d r e d  d i f f e r e n t  p h o s p h o r o u s  ylids 
have been used in W i t t i g - t y p e  r e a c t i o n s . 22 s 0me of the d i s a d v a n t a g e s  are: 
side r e a c t i o n s  of ylid w ith solvent, r e d uced s e l e c t i v i t y  due to ions present 
in solution, f r a g m e n t a t i o n  and intra- or i n t e r m o l e c u l a r  r e a c t i o n  of n o n ­
s t a b i l i z e d  p h o s p h o r a n e  intermedia tes.
The f irst p h o s p h o r a n e s  studies were n o n - s t a b i1ized such as 14 and have 
been shown to giv e  p r e d o m i n a n t l y  cis d i s u b s t i t u t e d  ol e f i n s  when allowed to 
react w ith a l d e h y d e  in n o n - p o l a r  sol v e n t . 23 N o n - s t a b i 1 ized p h o s p h o r a n e s
Ph3P =  CH2  ---- Ph3P — CH2
1 4
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are h i g h l y  r e a c t i v e  in c o n t r a s t  to s t a b i l i z e d  pho s p h o r a n e s  w hich can be 
isolated, stored in the at m o s p h e r e  and used in s u b s e q u e n t  reactions.
N o n - s t a b i 1 ized p h o s p h o r a n e s  us u a l l y  co n t a i n  e i t h e r  alkyl substi t u e n t s 
or no s u b s t i t u e n t s  on the carban i o n ;  whereas, s t a b i l i z e d  phosphoran es 
u s u a l l y  c o n t a i n  s t r o n g l y  e l e c t r o n - w i t h d r a w i n g  groups on the carbanion.
The r e a c t i o n  can be c o n s i d e r e d  to proceed in three steps (Scheme 
V). Add i t i o n  o f  a p h o s p h o r a n e  (_15) to an ald e h y d e  or ketone gives 
an i n t e r m e d i a t e  be t a i n e  or zwi t t e r i o n  (26). A p h o s p h o r o u s - o x y g e n  bond 
then forms w hich leads to rapid c i s -elimi n a t i o n  of p h o s p h i n e  oxide 
to form the olefin. S c h n e i d e r  has offered a r a t i o n a l e  for the o b s e r v a t i o n  
that n o n - s t a b i1ized phos p h o r a n e s  lead to p r e d o m i n a n t l y  cis o l e f i n s.24 
A priori, it is not obvious that er y t h r o  b e t aine 16b ( R l=C g H5, 
r 2 - r 4 ~ h5 R2=organic, R ^ = o r g a n i c )  w hich leads to cis ole f i n  would be 
m ore f avorable than threo b e t aine 16a w h i c h  leads to trans olefin.
As s u m i n g  the c o o r d i n a t i o n  of the oxygen atom to the phosp h o r o u s  atom 
prior to n u c l e o p h i l i c  attack of the ylid carbon toward the carbonyl 
carbon, s t r u c t u r e  18 can be drawn (Scheme VI). In this c o n f i g u r a t i o n  
the c a r b o n - o x y g e n  bond is in the plane w h i c h  bisects the phenyl group- 
p hosp h o r o u s  - c arbanion bond angle. The groups on carbonyl carbon are 
in the plane of the p h o s p h o r o u s - o x y g e n - c a r b o n y l  c a r b o n  atoms with the 
b u l k i e r  R^ poi n t i n g  a way from pho s p h o r o u s .  The R2 g roup is dir e c t e d  
away from the carbonyl carb o n  due to ste r i c  c o n s t r a i n t s .  For c a r b o n - c a r b o n  
b o n ding to o ccur the c a t i o n i c  group m u s t  rotate s l i g h t l y  about the 
c a r b o n - o x y g e n  bond. R o tation in the c l o c k w i s e  d i r e c t i o n  (as viewed 
along the c a r b o n - o x y g e n  axis from car b o n  toward oxygen) gives 
s t r u c t u r e  19a in w h i c h  there is the p o s s i b i l i t y  of ster i c  inter a c t i o n  
b e t ween R 5 and a phenyl group. R o tation o f  the c a t i o n i c  group in the 
o p p o s i t e  d i r e c t i o n  leads to s t r u c t u r e  19b in w hich the steric interactio n 
is m i n i m i z e d .  Hence, the i n t e r m e d i a t e  o x a p h o s p h e t a n  19b is favored over 19a
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and e l i m i n a t i o n  of phosphine oxide gives the cis olefin c o n s i s t e n t  with 
o b s e r v a t i o n .
The W i t t i g  r e a c t i o n  can be c o n t r o l l e d  in o rder to provide p r e ­
d o m i n a n t l y  jtran_s ole f i n  under ap p r o p r i a t e  c o n d i t i o n s  of polar solvent and 
p h o s p h o r a n e  stabi 1 i zation.25 it can be seen in Scheme VI that if is an 
e s t e r  g r o u p  then the c a r b o c a t i o n  will be attra c t e d  tow a r d  R^. in this 
c o n f i g u r a t i o n  alkyl g r o u p  R^ would favor a p o s i t i o n  away from R^ as in 19a 
thus leading to trans olefin. O ther m o d i f i c a t i o n s  of W i t t i g  rea c t i o n  
sy s tems have been studied and proven to give di-, tri-, and t e t r a s u b s t i t u t e d  
o l e f i n s  in a high degr e e  of s t e r e o s e l e c t i v i t y .  The m o d i f i c a t i o n s  include 
the use of p h o s p h o n a t e  c a r b a n i o n s , 2 6  p h o s p h o n a m i d e  r e a g e n t s , 27 phos- 
p h o n o t h i o a t e  e s t e r s ^  and lithium salts added to t r a d i t i o n a l l y  sta b i l i z e d
p h o s p h o r a n e s . 29
T r a n s -tri s u b s t i t u t e d  o l e fins can also be o b t a i n e d  from carbonyl 
c o m p o u n d s  via the C ornforth s ynthesis. For example, C o rnforth et aj_.30 w ere  
able to p r e p a r e  squ a l e n e  (20) with g r e a t e r  than 70% trans g e o m e t r y  at each
t r i s u b s t i t u t e d  o l efinic linkage. The m e t h o d  involves the low t e m p e r a t u r e  
(-70 to -90°C) in t e r a c t i o n  of a Grignard r e a g e n t  and an 
a - c h l o r o c a r b o n y l  c o m p o u n d  (Scheme VII). Low t e m p e r a t u r e  permits the 
a - c h l o r o c a r b o n y l  c o m p o u n d  to exist p r e d o m i n a n t l y  in an anti-paral lei 
c o n f o r m a t i o n .  The m o l e c u l e  has two faces s u s c e p t a b l e  to n u c l e o p h i l i c  
attack. The f a v ored side is that which is least s t e r i c a l l y  hindered. The
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key step toward s t e r e o s e l e c t i v i t y  is f o r m a t i o n  of one of the two d i a s t e r e o -  
m e r i c  c h l o r o h y d r i n s . Lower t e m p e r a t u r e s  have been shown to provide hig h e r  
y i e l d s  of olef i n  (90% at -90°C).31 Conver t i n g  the c h l o r o h y d r i n  to olefin 
can be a c c o m p l i s h e d  by the action of sodi u m  h y d r o x i d e  to f orm an e p o x i d e  
(21) wh i c h  can be c o n v e r t e d  to an i o d o hydrin (_22) by a m i x t u r e  of sodium 
iodide, s o d i u m  a c e tate and acetic and p r o p i o n i c  acids. The i odohydrin can 
then be c o n v e r t e d  to olefin by stannous c h l o r i d e  and p h o s p h o r o u s  oxy- 
c h l o r i d e  in pyridine.
The g e n e r a l i t y  of the Cornf o r t h  s y n t h e s i s  is limited by the nature of 
the a - c h l o r o c a r b o n y l  compound. This r e a g e n t  is g e n e r a l l y  o b t a i n e d  by acid- 
c a t a l y z e d  h a l o g e n a t i o n  of a ketone w ith N - b r o m o s u c c i n i m i d e  or sulfuryl 
c h l o r i d e . 32 The p o s s i b i l i t y  for isomeric a - h a l o k e t o n e s  e x i s t s  when there 
are two a-sites. Usually, however, the h a l ogen adds to the m o r e  h i g h l y  
s u b s t i t u t e d  a - c a r b o n  in y i e l d s  of up to 85%. Hence, the C o r n f o r t h  synthesis 
a p p ears to be f a i r l y  general and g ives good y i e l d s  under m i l d  c o n d i t i o n s  but 
does re q u i r e  several steps and reagents.
A n o t h e r  m e a n s  of f o r ming t r i s u b s t i t u t e d  ol e f i n s  w h i c h  involves the 
t r a n s f o r m a t i o n  of a carbonyl c o m p o u n d  via several steps is the d i r e c t e d  
aldol c o n d e n s a t i o n .  In a typical aldol c o n d e n s a t i o n  a l d e h y d e s  undergo 
b a s e - c a t a l y z e d  d i m e r i z a t i o n  to 3 - h y d r o x y a l d e h y d e s  (aldols). An aldol gives 
an a - £  u n s a t u r a t e d  aldehyde by a c i d - c a t a l y z e d  d e h y d r a t i o n .  A l d e h y d e s  and 
r e a c t i v e  ketones, such as acetone, will u n d ergo r e a c t i o n  to give a m i x t u r e  
of c o n d e n s a t i o n  products. Of the four species possible, o n l y  d i m eric  
ald e h y d e  and the product of k e t o - e n o l a t e  attack on the a l d ehyde are 
observed. T h e s e  i n t e r m e d i a t e s  are c o n v e r t e d  to a m i x t u r e  of cis and t r a n s - 
d i s u b s t i t u t e d  ole f i n i c  aldeh y d e s  upon deh y d r a t i o n .
24
In the right hand side of Scheme VIII it can be seen that if the 
e n o l a t e  ion of acet a l d e h y d e  would add to acetone then s u b s e q u e n t  d e h y d r a t i o n  
w ould give a t r i s u b s t i t u t e d  olefin, 3 - m e t h y l - 2 - b u t e n a l . U n f o r tunat ely, 
this series o f  events has not been o b s e r v e d  directly. Since the k e t o - e n o l a t e  
is m o r e  n u c l e o p h i l i c  than the a l d o - e n o l a t e ,  the usual p r o duct is e t h y l i d e n e -  
a c e tone ( 3 - p e n t e n - 2 - o n e ) as shown in the left hand side of Scheme VIII.
W ittig and Reiff33 d e v e l o p e d  a s y s t e m  in which the net r e a c t i o n 
is the a d d i t i o n  of the en o l a t e  ion of an ald e h y d e  to a ketone. The r e action 
proceeds by c o n v e r t i n g  the a l d ehyde to an imine (Scheme IX). M e t a l a t i o n  
of the imine (via a lithium salt) at the a-carbon gives an organolithiurn 
r e a g e n t  wh i c h  adds to the carbonyl c a r b o n  of a ketone. Sub s e q u e n t 
a c i d - c a t a l y z e d  removal of the imine f u n c t i o n a l i t y  restores the a l d ehyde 
f u n c t i o n a l i t y .  The final step, a c i d - c a t a l y z e d  deh y d r a t i o n ,  provides 
a m i x t u r e  of cis and trans isomers.
Buchi and W u e s t^4 were able to i n crease the s t e r e o s e l e c t i v i t y  
t oward the t r a n s -isomer by using t - b u t y l a m i n e  in the place of c y c l o h e x y l a m i n e .
Hence, the dir e c t e d  aldol c o n d e n s a t i o n  is useful for the s t e r e o ­
s e l e c t i v e  f o r m a t i o n  of t r i s u b s t i t u t e d  olefins. The m e t h o d  becomes 
mor e  v a l u a b l e  when it is r e alized that it provides a p a t h w a y  for o l e f i n a t i o n  
o f  ketones w h i c h  is u n a v a i l a b l e  via s t a b i l i z e d  phosp h o r o u s  ylids.
R e a r r a n g e m e n t  Reactions
A n o t h e r  class of reactions w h i c h  has been utilized in the s y n t h e s i s 
o f  t r i s u b s t i t u t e d  olefins is r e a r r a n g e m e n t  reactions. Two i m portant 
types of r e a r r a n g e m e n t  r eactions are the J u l i a - J o h n s o n  synth e s i s  and 
the C l a isen r e a r r a n g e m e n t . The Jul ia- J o h n s o n  s y nthesis involves c l e a v a g e  of
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the c y c lopropy l ring in cyclopropyl carbinol compounds. The Claisen 
r e a r r a n g e m e n t  pro c e e d s  via int r a m o l e c u l a r  c o n v e r s i o n  of allyl vinyl 
ethers to y , 5 - u n s a t u r a t e d  carbonyl compounds.
Julia et aj_. pre p a r e d  t r a n s - d i s u b s t i t u t e d  o l e f i n s  of 90 to 95%
s tereochem ical p u r i t y  by the reaction of s e c o n d a r y  c y c l opropy l c a r b i n o l s  
(27 R 1 =organi c , R2= R3=H) with 48% h y d r o b r o m i c  acid (Scheme X). The group 
found that t e r t i a r y  cyclo p r o p y l  c a r b i n o l s  (27 R l = o r g a n i c , R2 = o r g a n i c , 
R2=H) did not react s t e r e o s e l e c t i v e l y ;  the ratio of trans to cis products 
was 3:1. Since J ulia et_ _al_. had shown that the ring o p e n i n g  of s e c o n d a r y
H B r(48% )
SCHEME X
c yclopropy l c a r b i n o l s  was h i g h l y  s t e r e o s e l e c t i v e  but that t e r t i a r y  c y c l o ­
propyl c a r b i n o l s  failed to shown s t e r e o s e l e c t i v i t y  under the same condi t i o n s , 
a p p l i c a t i o n  of the m e t h o d  toward s ynthesis of t r i s u b s t i t u t e d  o l e fins needed 
f u r ther d e v e l o p m e n t .
Lack of s t e r e o s e l e c t i v i t y  in the r e a c t i o n  of t e r t i a r y  cyclopropyl 
c a r b i n o l s  can be r a t i o n a l i z e d  by c o n s i d e r i n g  the steric intera c t i o n s  between 
the c y c l opropy l ring and s u b stituen ts R^ and R2 . The Newman p r o j e c t i o n s  
b elow (Scheme XI) show that if R^ is organic and both R2 and R2 are hydrogen 
then c o n f o r m a t i o n  27a w o u l d  be s t e r i c a l l y  f a vorable over 2 7 b . In c o n f o r m a t i o n
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27a there is less o v e rlap between the ring and the o r g a n i c  branch R-L 
The olef i n  r e s u l t i n g  from r i n g - c l e a v a g e  would then be the t r a n s -olefin 
2 8 a . If, however, both and R^ are o r g anic then the two c o n f o r m a t i o n s  
27a and 27b are not as d i s s i m i l a r  as when R^ is hydrogen. Each 
c o n f o r m a t i o n  would exist in almost equal proportion. Hence, the olefin 
formed by r i n g - c l e a v a g e  would be an almost equal number of ci s and trans 
i s o m e r s .
Johnson et aj_.31 were able to adapt the r i n g - o p e n i n g  r e a c t i o n  to 
e f f e c t  s t e r e o s e l e c t i v e  f o r m a t i o n  of a t r a n s - t r i s u b s t i t u t e d  olefin. It 
can be seen in Schemes X and XI that if R^ and r3 are o r g anic groups 
and R^ is hydrogen, then the s t e r e o c h e m i s t r y  of r i n g - o p e n i n g  should not 
d i f f e r  g r e a t l y  from that obs e r v e d  by Julia. The general m e t h o d  emp l o y e d 
b y  J o h n s o n  et_ aj_- is o u tlined in Scheme XII. T r a n s - t r i s u b s t i t u t e d  olefins 
w e r e  o b t a i n e d  in yields of 85 to 90 %  with o n l y  2 to 4% of the cis isomer. 
The p r o c e d u r e  o u t l i n e d  in Scheme XII was applied s u c c e s s f u l l y  in a synthes 
of c e c r o p i a  j u v e n i l e  hormone (6).36 in the juv e n i l e  h o r mone s y n t h e s i s  
(Scheme XIII) the br o m o d i e n i c  es t e r  was o b tained in 8 7 %  overall yield 
as a 95:4 r a t i o  of t r a n s ,t r a n s - to t r a n s ,c i s - p r o d u c t s .
T r a n s -tri substi tuted ol e f i n s  are also avai l a b l e  by me a n s  of the 
Claisen r e a r r a n g e m e n t . 3 7  i n  the Claisen r e a r r a n g e m e n t  an allyl vinyl 
e t h e r  u n d e r g o e s  i n t r a m o l e c u l a r  r e a r r a n g e m e n t  through a cyclic t r a n s i t i o n  
state wh i c h  r e s e m b l e s  a chair c o n f o r m a t i o n  of c y c l o h e x a n e . 3 3  The p r oducts 
of the t h e r m a l l y  induced rea c t i o n  are A ^ - a l  kenals (Scheme XIV). Ci s :trans 
r a t i o s  of the alkenals formed at a given t e m p e r a t u r e  can be p r e d i c t e d  by 
c o m p a r i s o n  of the transi t i o n  state with the c o r r e s p o n d i n g  c o n f o r m a t i o n  
of c y c l o h e x a n e  at the same t e mperatur e. Hence, at 110°C, 2A (R^=Et,
R3=Me, r 3 = H) provided the correspond]'ng alkenals in a c i s :trans ratio of
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10:90. The trans product is derived from the t r a n s i t i o n  state having the 
ethyl grou p s  R^, in the equatorial c o n f o r m a t i o n .  Likewise, at 110°C, 
e t h y l c y c l o h e x a n e  exists with 91% of the ethyl grou p s  in the equatorial 
c o n f o r m a t i o n .39
Johnson et _al_.40 have shown that an o r g anic substi t u e n t ,  r3, on the 
allyl vinyl et h e r  34 increases the s t e r e o s e l e c t i v i t y  toward trans products. 
In a s y n t h e s i s  of s q ualene (_23) s u b s t i t u t i o n  of an e t h o x y  group at p o s ition  
p r o v i d e d  a yield of 92 %  ester having g r e ater than 98% trans geometry.
The m e t h o d  e m p l o y e d  not o n l y  gave a g r e ater yi e l d  of allyl vinyl ether 
than the u n s u b s t i t u t e d  s e l e c t i v i t y  (98% trans vs 86% t r a n s ) but also 
r e q u i r e d  r e d u c e d  reaction time (1 hr at 138° _vs 61 hr at 83-98°) and a 
s in g l e  r e a c t i o n  vessel. Hence, the m e t h o d  of Johnson et aj_.^0 seems to 
offer a p r o m i s i n g  s t e r e o s e l e c t i v e  route to t r i s u b s t i t u t e d  olefins. However, 
one of the pro b l e m s  with the Claisen r e a r r a n g e m e n t  in general has been the 
d i f f i c u l t y  of p r e p a r i n g  s u b s t i t u t e d  allyl vinyl ethers.
S U M MARY
The o l e f i n  f u n c t i o n a l i t y  is a p r e v a l e n t  and impo r t a n t  one and its 
s y nthesis o f f e r s  a great challenge. M any m e t h o d s  for o b t a i n i n g  o l e fins 
are known. Some of those methods, e s p e c i a l l y  those re l a t e d  to s t e r e o ­
s e l e c t i v e  s y n t h e s i s  of t r i s u b s t i t u t e d  olefins, have been reviewed here.
The Witt i g  reaction, the traditional olefin f o r m a t i o n  m e t hod, has wide 
a p p l i c a t i o n  w i t h i n  the scope of carbonyl c o n t a i n i n g  compou n d s .  Other 
t r a n s f o r m a t i o n s  of carbonyl c o m p o u n d s  have been adapted to olefin 
synthesis, as have some r e a r r a n g e m e n t  reactions. The e m e r g i n g  us e f u l n e s s  
of o r g a n o m e t a l1ic rea g e n t s  has also been applied s u c c e s s f u l l y  to olefin 
synthesi s .
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E XPERI M E N T A L
The goal of the e x periment al work r e p o r t e d  herein is to m o d i f y  
Z e i g l e r - N a t t a  c a t a l y s t  systems in order to control the c a r b o m e t a l 1ation 
thus o b t a i n i n g  the p r o duct o f  a s i n g l e  c a r b o m e t a l 1 ation step. Two 
a pproaches toward a chieving the goal were employed. One m e t h o d  involved 
v ariat i o n s  in the u n s a t u r a t e d  s u b s t r a t e  while ke e p i n g  the c a talyst 
c o m p o s i t i o n  constant. This app r o a c h  is ref e r r e d  to as a l k y l a t i o n  s y s t e m  
I. The ot h e r  approach involved v a riation of the c a t a l y s t  c o m p o s i t i o n  
w hile keeping the un s a t u r a t e d  s u b s t r a t e  c o n s t a n t  and is ref e r r e d  to as 
a l k y l a t i o n  s y s t e m  II. P r e p a r a t i o n  o f  the r i n g - s u b s t i t u t e d  b i s ( n ^ -  
c y c l o p e n t a d i e n y l ) t i t a n i u m  (IV) d i c h l o r i d e  c o mpounds used in alk y l a t i o n  
s y s t e m  I is also described.
A l k y l a t i o n  System I: Alkynol + A 1 (C H3)3 + Ti Cl 4
Reagents
The alkynols used were: 5 - h e x y n - 3 - o l , 5 - h e p t y n - 3 - o l , 3 - h e p t y n l - o l ,
and 5 - m e t h y l - 3 - h e x y n - l - o l  which wer e  o b t a i n e d  from A l b a n y  International 
(Farchan Labs). The alkynols were stored at 10°C over Li nde 4-A molecul ar 
sieves and used w i t h o u t  further p u r i f i cati on. R e a gent grade 1-octanol 
(Fischer, A-402) and 1-hexanol (Aldrich, H1330-3) w ere stored over Linde 
4 - A  m o l e c u l a r  sieves and used wi t h o u t  further p u r i f i c a t i o n  as standards 
for glc analysis. T i t a n i u m  t e t r a c h l o r i d e  (Ti Cl 4, Fischer, T-308) while 
in a d r y - b o x  was t r a n s f e r r e d  in 2.0 ml portions into 2.5 ml ampules and 
used w i t h o u t  p u r i f i cati on. T r i m e t h y l a l u m i n u m  (TMA, Ethyl Corp.) was used 
w i t h o u t  purif i c a t i o n .  All transfers of neat TMA w e r e  p e r f o r m e d  in a
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d r y - b o x  due to the p y r o p h o r i c  nature of a l k y l a l u m i n u m  c o mpounds.
M ethanol (Fischer) was used wi t h o u t  p u r i f i c a t i o n . A 5% aqueous sulfuric 
acid s o lution (v:v) was prepared and was saturated with sodium chloride.
Sol v e n t s
Lab gr a d e  m e t h y l e n e  c h l o r i d e  (CH2C 12» Fischer, D —37) was d i s t i l l e d  
over p h o s p h o r o u s  p e n t o x i d e  and nitrogen atmosphere . The solvent was 
stored over Linde 4-A m o l e c u l a r  sieves under nit r o g e n  atmosphere .
Lab grade, diethyl ether (Et20, Fischer) was used w i t h o u t  p u r i f i cati on.
S t o i c h i o m e t r y  and rea c t i o n  c o n d i t i o n s
The alkynol was used in a 15 mm o l e  q u a n t i t y  in this sytem. The 
r a t i o  of o r g a n o a l u m i n u m  c o m p o u n d  to t i t a n i u m  c o m p o u n d  and alkynol was 
2:1:1, r e s p e c t i v e l y .  E x p e r i m e n t s  were p e rformed at two t e m p e r a t u r e s  
in almost all cases, -45°C and -78°C using a hexyl a l c o h o l / d r y - i c e  
slush bath and a butyl a c e t a t e / d r y - i c e  slush bath, r e s p e c t i v e l y .
Two r e a c t i o n  times w e r e  invest i g a t e d  for this system, t h i r t y  m i n u t e s 
and also four hours.
P r o c e d u r e
Preparation of the al kynox.yal uminum reagent.
A 2 5 0 - m l , t h r e e - n e c k e d ,  r o u n d - b o t t o m e d  flask was taken into a d r y - b o x  
along with a m a g n e t i c  s t irring bar and stoppers for the three necks, 
a flask c o n t a i n i n g  d i s t i l l e d  C H2C I2 and two g a s - t i g h t  syringes. Using 
a 5 0 -ml syringe, C H2C I2 (25 ml) was added to the flask. Then, using 
a 5 or 10 ml syringe, t r i m e t h y l a l u m i n u m  (30 m m o l e s )  was added. The 
flask was then stoppered, brought out of the d r y - b o x  and c l a m p e d  onto
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a grid e q u i p p e d  with inert a t m o s p h e r e  lines. One s t o p p e r  was q u i c k l y  
r e p l a c e d  with a gas inlet joint w hich p r ovided dr y  N2 atmosphere . A n o t h e r  
s t o p p e r  was r e p l a c e d  with a s t o p p e r e d  6 0 -ml d r opping funnel wh i c h  had been 
p u r g e d  o f  air by dr y  N2 and the third s t o p p e r  was r e p l a c e d  by a rubber 
s e r u m  cap to give the apparatus shown on the following page.
M a g n e t i c  s t i r r i n g  and dr y  N2 flow w ere c o m m e n c e d  and the flask was 
c o o l e d  to 0°C over an ice-water bath. The d r o pping funnel was c h a rged 
w i t h  C H2C I2 (25 ml) and with a w e i ghed amount of alkynol (15 mmole). The 
alkynol s o l u t i o n  was then allowed to d r i p  into the flask over a 20 m i n u t e  
peri o d .
R e a c t i o n  o f  T i C l zi with the a l k y n o x y a l u m i n u m  r e a g e n t .
A s e c o n d  250-ml, th r e e - n e c k e d ,  r o u n d - b o t t o m e d  flask was set up as 
s h o w n  on the following page. The s y s t e m  was purged o f  air by d r y  N2 and 
the d r o p p i n g  funnel was c h a r g e d  with d r y  C H2C I2 (50 ml) w h i c h  was then 
adm i t t e d  to the flask. Then Ti Cl4 (2.0 ml from a sealed glass ampule) was 
added d i r e c t l y  to the flask through the side neck. Mag n e t i c  s t i r r i n g  was 
c o m m e n c e d  and the flask was cooled to r e a c t i o n  t e m p e r a t u r e  (-45°C or - 
78°C). At this point the a l k y n o x y a l u m i n u m  reagent was forced through a 
n a r r o w  s t a i n l e s s  steel tube using N2 p r e s s u r e  into the d r o p p i n g  funnel 
above the T i C 14 solution. The a l k y n o x y a l u m i n u m  r e a gent was then added 
d r o p w i s e  to the T i C 14 sol u t i o n  over a period of 10 to 15 m i nutes. Reaction 
t e m p e r a t u r e  was m o n i t o r e d  and m a i n t a i n e d  t h r o u g h o u t  r e a c t i o n  time.
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T e r m i n a t i o n  o f  rea c t i o n  and p r o duct w o r k - u p .
The r e a c t i o n  was t e r m i n a t e d  by hydrolysis with methanol (10 ml) 
followed by 5% aqueous H2S O4 satur a t e d  with NaCl (50 ml). The 
h y d r o l y z i n g  reagents w ere added d r o p w i s e  t h r ough the d r o p p i n g  funnel.
At this point a w e i g h e d  amount of a satur a t e d  alcohol was added d i r e c t l y  
to the p r o duct m i x t u r e  as an internal s t a n d a r d  for glc analysis.
The p r o d u c t  m i x t u r e  was filtered over a bed o f  Celite using a 
Buchner f i l t r a t i o n  apparatus. The filtrate was t r a n s f e r r e d  to a s e p a r a t o r y  
funnel and the organic layer was separ a t e d  and stored in an e r l e n m e y e r  
flask while the aqueous 1ayer was washed with lab g rade ether (5x50 
ml). The extracts were added to the organic layer and the w hole was 
dried over M g S04, filtered, c o n c e n t r a t e d  under r e d u c e d  p r e s s u r e  and 
stored at 10°C.
A l k y l a t i o n  System II: 3-Butyn-l-ol + A l R n013_n + ( ^ - C5H5_m Rm )2TiCl 2
Reagents •
The u n s a t u r a t e d  su b s t r a t e ,  3 - b u t y n - l - o l , (Albany I nternatio nal)  
was stored at 10°C over Linde 4-A m o l e c u l a r  sieves and was used w i t hout 
pu r i f i c a t i o n .  Bis( ^-cyclopentadienyl)titaniurn (IV) d i c h l o r i d e  (C p ^ T i C l2) 
and b i s -( 5 - m e t h y l c y clopentadienyl)tit aniurn (IV) d i c h l o r i d e  ( ( M e C p )2T i C l2 
gift from Hercules, Inc.) w e r e  used w i t h o u t  p u r i f i c a t i o n .  Bis-( 
t e r t -butyl -cyc l o p e n t a d i e n y l  )titaniurn (IV) d i c h l o r i d e  ( (1:-buCp )2Ti Cl 2) 
and b i s -( 5 - p e n t a m e t h y l c y c l o p e n t a d i e n y l ) t i t a n i u m  (IV) d i c h l o r i d e  
( (Me5C p )2T i C l2) were p r epared s p e c i f i c a l l y  for use in this e x p eriment al 
series. The t i t a n o c e n e  d i c h l o r i d e  c ompounds were s t o r e d  at 10°C as
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0 . 0 5 0  M s o l u t i o n s  in dr y  C H2C 12 in 250 ml pop bottles capp e d  with 
a rub b e r  s e p t u m  and a two-h o l e d  bottle cap. T r i m e t h y l a l u m i n u m  and 
d i e t h y l a l u m i n u m  c h l o r i d e  (Ethyl Corp.) w ere used w i t h o u t  p u r i f i cati on.
Tran s f e r s  o f  neat o r g a n o - a l u m i n u m  reagents were p e r f o r m e d  in a dry-box. 
Solvents, other reagents, and s a t u r a t e d  alcohols for glc analysis 
w e r e  used as d e s c r i b e d  for al k y l a t i o n  s y s t e m  I.
S t o i c h i o m e t r i e s  and Reaction Conditions
The ra t i o  o f  o r g a n o a l u m i n u m  r e a g e n t  to t i t a n i u m  c o m p o u n d  to s u b s t r a t e  
was 2:0.25:1. Reaction time was two hours at 0°C.
P r o c e d u r e
W hile in a d r y - b o x  a 250 ml pop bottle c o n t a i n i n g  a m a g n e t i c  
s t i r r i n g  bar was c h a rged with d r y  C H2C I2 (20 ml) and with an o r g a n o a l u m i n u m  
r e a g e n t  (10 m m oles). The bottle was capped with a Buna N rubber s e p t u m  
and a t w o - h o l e d  bottle cap, removed from the d r y -box and c l a mped to 
a grid and coo l e d  to 0° C  over an i c e-water bath. Dry N2 flow was 
p r o v i d e d  and m a g n e t i c  s t i r r i n g  was applied. A s a m p l e  o f  3-butyn-l- ol 
(5 m m o l e s )  was w e i g h e d  into a 3 cc d i s p o s a b l e  syringe. The alkynol 
was s l o w l y  and c a r e f u l l y  injected into the bottle c o n t a i n i n g  the o r g a n o a l u m i n u m  
r eagent. Using N2 pre s s u r e  the cooled s o l u t i o n  o f  t i t a n i u m  c o m p o u n d  
was forced t h r ough a n a r r o w  stai n l e s s  steel tube into the bottle co n t a i n i n g  
the a l k y n o x y a l u m i n u m  reagent. Constant t e m p e r a t u r e  (0°C) and m a g n e t i c  
s t i r r i n g  w e r e  m a i n t a i n e d  for 2 hours. Reaction was t e r m i n a t e d  by 
the s l o w  and careful injection of methanol (5 ml) followed by 5% aq.
H2S04*NaCl s a t u r a t e d  (10 ml). The w o r k - u p  of the c r u d e  product m i x t u r e
was the sam e  as that d e s c r i b e d  for a l k y l a t i o n  s y s t e m  I b e g i n n i n g  with the
addition of a w e i g h e d  amount of 1-heptanol as a s t a n d a r d  for glc analysis.
39
S y n t h e s i s  of R i n g - s u b s t i t u t e d  B i s - ( n ^ “Cyc1opentad-ienyl )titanium (IV)
D i c h loride Compounds
B i s ( n ^ - t e r t - b u t y l c y c l o p e n t a d i e n y l ) t i t a n i u m  (IV) Dic h l o r i d e 
R e a gents
C y c l o p e n t a d i e n e  was o b t ained by h e a ting d i c y c l o p e n t a d i e n e  (Eastman 
O r g a n i c  Chemicals, T5068) under reflux condi t i o n s .  Reagent grade acetone 
(Fischer, A-18) was stored over Linde 3-A m o l e c u l a r  sieves. A 30 to 
35% a q u eous solution of m e t h y l a m i n e  (Fischer, M-223) was used w i t h o u t  
p u r i f i c a t i o n .  M e t h y l l i t h i u m  (Aldrich, 19734-3) was used as a 1.5 M 
s o lution in diethyl ether. T i t a n i u m  t e t r a c h l o r i d e  (Fischer, T-308) 
was used w i t h o u t  purificati on. Diethyl e ther (anhydrous, Fischer,
E -1385) was d i s t i l l e d  over lithium a l u m i n u m  hydride. Hexane (Fischer) 
was used w i t h o u t  purificati on.
P r o c e d u r e  ’
P r e p a r a t i o n  of d i m e t h y l f u l v e n e ^
A 5 0 0 - m l , three - n e c k e d ,  r o u n d - b o t t o m e d  flask was fitted with a 
reflux c o n d e n s e r  and gas inlet, a 25-ml d r o p p i n g  funnel, a stopper 
and a m a g n e t i c  s t irring bar. The flask was ch a r g e d  with c y c l o p e n t a d i e n e
(82 ml, 1.0 mole) and then with acetone (73 ml, 1.0 mole). The m i x t u r e
was cool e d  to 0°C over an ice-water bath w h i l e  being m a g n e t i c a l l y  stirred. 
The d r o p p i n g  funnel was charged with 3 0 - 3 5 %  aqueous C H3N H2 (15 ml)
and added d r o p w i s e  over a period of three minutes.
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A f t e r  r e a c t i o n  had p r oceeded at 0° C  for 15 m i n u t e s ,  the ice-water 
bath was r e m o v e d  and the m i x t u r e  allowed to w a r m  n a t u r a l l y  for 30 minutes.
The m i x t u r e  was then stored at -10°C o vernight, warmed to room t e m p e r a t u r e  
the f o l l o w i n g  m o r n i n g  then w a s h e d  with w a t e r  (5x50 ml). The organic 
layer was dr i e d  over M g S04 and vacuum d i s t i l l e d  at 2 3-33 mmH g  (bp 5 0 - 6 0 ° C  
@ 23-33 m m H g ).
P r e p a r a t i o n  of ( t e r t - b u t y l c y c l o p e n t a d i e n y l ) 1 i t h i u m .
A 500-ml, t h r e e - n e c k e d ,  r o u n d - b o t t o m e d  flask was fitted with a 
125-ml d r o p p i n g  funnel, a gas inlet, a rubb e r  s erum cap, and a m a g n e t i c
s ti r r i n g  bar. The sys t e m  was purged of air by d r y  N2- The flask was
cha r e d  wit h  d i m e t h y l f u l v e n e  (0.20 mole, 24 ml) and d i s t i l l e d  ether 
(175 ml), then c o o l e d  to 0°C over an i c e-water bath w h i l e  stirred 
m a g n e t i c a l l y .  The d r o p p i n g  funnel was c h a r g e d  w ith C H3Li (0.19 mole) 
w h i c h  was added d r o p w i s e  over a period of 20 to 30 min u t e s .  The r e s u l t i n g
y e l l o w  s u s p e n s i o n  was stirred for 2 hours at 0°C.
P r e p a r a t i o n  of b i s - ( n ^ - t e r t - b u t y l c y c l o p e n t a d i e n y l ) 
titaniurn(I V ) d i c h l o r i d e .
A 1-liter, t w o - n e c k e d ,  r o u n d - b o t t o m e d  flask was fitted w ith a gas 
inlet, a r u b b e r  s erum cap and a m a g n e t i c  s t irring bar. The system 
was purged of air by d r y  N2 and c h a rged with h e x a n e  (200 ml) and Ti C 14 
(10 ml, 0.095 mole). The flask was cooled to 0 ° C  over an ice-water 
bath. When the Ti Cl4 s o lution had cooled, the 1 ithium t e r t - b u t y l c y c l o p e n t a d i e n i d e  
p r e v i o u s l y  p r e p a r e d  was added s l o w l y  using N2 p r e s s u r e  to force the 
liquid t h r o u g h  a n a r r o w  s t ainless steel tube. The r e s u l t i n g  brown
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sus p e n s i o n  was stirred at 0°C for 1 hour then cooled to -45°C for several 
m i n u t e s  and vacu u m  f i l t e r e d  using a B u c h n e r  funnel. A r ed-brown solid 
was c o l l e c t e d  and e x t r a c t e d  overn i g h t  in a Soxhlet a p paratus with 500 
ml of hexanes. The solid was e x t r a c t e d  a second time with 200 ml of 
he x anes plus 50 ml of C H2C 12 again overnight. The residual solid was 
then r e m oved from the S o x hlet thimble d i s s o l v e d  in 600 ml of C H2C l2 
plus 150 ml of hexanes. The C H2C 12 was r e m o v e d  by r o t o e v a p o r a t i o n  
under a s p i r a t o r  v a c u u m  and the r e s u l t i n g  p r e c i p i t a t e  (9.377g) coll e c t e d  
by suction f i l t r a t i o n  using a Buchner funnel.
C h a r a c t e r i z a t i o n
D i m e t h y l f u l v e n e  was c o l l e c t e d  by v a c u u m  d i s t i l l a t i o n  at 23-33 
m mHg (b.p. 50-60°C). The y i e l d  based on starting c y c l o p e n t a d i e n e  
was 26%. The proton nmr spe c t r u m  of the c o m p o u n d  showed chemical 
shifts of 2.13 (singlet, 6H) and 6.42 (singlet, 4H) ppm.
The y i e l d  of (t_-buCp )2T i C 12 based on sta r t i n g  T i C 14 was 27%.
The c o m p o u n d  was r e d d i s h - o r a n g e  in color with a fluffy, n e e d l e l i k e  
appearance . The m e l t i n g  point was 217-223°C. The proton nmr s p e c t r u m  
showed chemical shifts of 1.31 (singlet, 9H) and 6.46 (multiplet,
4H) ppm. See Figure 1 in the Appendix.
B i s ( n ^ - p e n t a m e t h y l c y c 1 o p e n t a d i e n y l  )titanium (IV) D i c h l o r i d e ^ > 4 4 , 4 5  
Reagents
A m i x t u r e  of cis and t r a n s - 2 - b r o m o - 2 - b u t e n e  (Aldrich, 21, 556-2) 
was used w i t h o u t  p u r i f i c a t i o n  as was lithium w ire (0.32 mm diameter,
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A ldrich, 22, 091-4), ethyl acetate (Fischer, E-145S), p a r a - t o l u e n e  
s u l f o n i c  acid m o n o h y d r a t e  (Fischer, A-320), methyl 1 ithium (1.5 M 
s o l u t i o n  in ether, Aldrich, 19,734-3), and solid t i t a n i u m ( I I I ) c h l o r i d e 
( T i C l3, Alfa, 27116). All transfers o f  T i C 13 were p e r f o r m e d  in a 
d r y - b o x  due to the a i r - s e n s i t i v e  nature of the c o mpound. A m m o n i u m  
c h l o r i d e  (NH4CI, Fischer, A660) was used as a s a t u r a t e d  aqueous solution. 
A s a t u r a t e d  aqueous s o d i u m  b i c a r b o n a t e  s o lution c o n t a i n i n g  s o d i u m  
c a r b o n a t e  (1.14%, w/v) was prepared. Con c e n t r a t e d  (12N) h y d r o c h l o r i c  
acid (Fischer, A-144C) was diluted to a c o n c e n t r a t i o n  o f  6N.
Sol vents
Lab g rade ether (Fischer, E-138S) and t e t r a h y d r o f u r a n  (THF, Fischer, 
T - 3 97S) w e r e  d i s t i l l e d  over l i t hium alu m i n u m  hy d r i d e  under dry 
atmosphere . Hexanes (Fischer, H-291S) and c h l o r o f o r m  ( C H C I3, Fischer) 
w e r e  used w i t h o u t  p u r i f i cati on.
P r o c e d u r e ‘
F o r m a t i o n  o f  4 - h y d r o x y - 3 , 4 , 5 - t r i m e t h y l - 2 , 5 - h e p t a d i e n e .
The r e a c t i o n  s e q u e n c e  is given in Scheme X V .
A 1000 ml, t h r e e - n e c k e d ,  r o u n d - b o t t o m e d  flask was fitted with 
a m a g n e t i c  s t i r r i n g  bar, a 125 ml dro p p i n g  funnel, a r e f l u x  c o n d e n s e r  
w i t h  gas inlet, and a stopper. The s y s t e m  was purged o f  air by 
d r y  N2 and c h a r g e d  with d r y  e ther (750 ml). Li t h i u m  wire (122 cm,
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0.75 mol) was cut into 1 cm lengths and added d i r e c t l y  to the flask. 
M a g n e t i c  s t irring and dry N2 flow w ere c o m m e n c e d  and the d r opping  
funnel was c h a r g e d  with 2 - b r o m o - 2 - b u t e n e  (0.37 mol). A small amount 
(5 ml) of 2 - b r o m o - 2 - b u t e n e  was added r a p i d l y  to the flask. After 
several m i n u t e s  a reflux was noted. The r e m a i n i n g  2 - b r o m o - 2 - b u t e n e  
was added d r o p w i s e  at a rate suf f i c i e n t  to m a i n t a i n  gent l e  reflux. 
A d d i t i o n  was c o m p l e t e  after about 40 min u t e s .
The d r o p p i n g  funnel was then c h a r g e d  with ethyl acetate 
(0.187 mol, 18 ml) and an equal volume of d ry ether. The ethyl 
a c e t a t e  sol u t i o n  was added d r o p w i s e  over a 20 m i n u t e  period. Gentle 
r e f l u x  was again ma i n t a i n e d .  To the r e s u l t i n g  m i x t u r e  was added 
d r o p w i s e  t h r o u g h  the dropping funnel a s a t u r a t e d  aqueous solution 
of NH4CI (100 ml). Add i t i o n  was ca r r i e d  out over a 30 m i n u t e  period. 
This r e a c t i o n  m i x t u r e  was then added to an e r l e n m e y e r  flask c o n t a i n i n g  
additional s a t u r a t e d  aqueous N H4CI (650 ml). The wh o l e  was t r a n s f e r r e d  
to a 2000-ml s e p a r a t o r y  funnel. The or g a n i c  layer was separated 
and the pH of the aqueous layer was a d justed to about 9 by adding 
6N HC1 d r opwise. The aqueous layer was e x t r a c t e d  with lab grade 
e ther (4x75 ml). The e x tracts were c o m b i n e d  with the organic layer, 
dried over M g S04,fiItered, and c o n c e n t r a t e d  under r e d uced pressure.
A 500-ml, t h r e e -neck ed, r o u n d - b o t t o m e d  flask was fitted 
with a m a g n e t i c  s t i rring bar, a 60-ml d r o p p i n g  funnel, a reflux 
c o n d e n s e r  w i t h  gas inlet and a stopper. The system was flushed 
of air by d r y  N2 and the flask c h a rged with d r y  ether (75 ml) and
p a r a - t o l u e n e  s u lfonic acid (0.017 mol). S t i r r i n g  was c o m m e n c e d  
and the d r o p p i n g  funnel was charged with 4 - h y d r o x y - 3 , 4 , 5 - t r i m e t h y l - 
2 , 5 - h e p t a d i e n e  p r e p a r e d  previously. This was added d r o p w i s e  over 
a period of 10 to 15 minutes. The r e s u l t i n g  m i x t u r e  was allowed 
to stir for 5 m i n u t e s  and was then poured d i r e c t l y  into a flask 
c o n t a i n i n g  a s a t u r a t e d  aqueous solution (200 ml) of NaHCOg plus 
N a2C03 (1.75 g). The w h o l e  of this m i x t u r e  was t r a n s f e r r e d  into 
a s e p a r a t o r y  funnel and the organic layer was separated. The aqueous 
layer was e x t r a c t e d  with lab-grade ether (3x50 ml) and the extracts 
w e r e  c o m b i n e d  w ith the organic layer. The c o m b i n e d  o r g anic layers 
were then d ried over M g S04, f i ltered and c o n c e n t r a t e d  under reduced 
pressure. V a c u u m  d i s t i l l a t i o n  provided pure 1 , 2 , 3 , 4 , 5 - p e n t a m e t h y l - 
c y c l o p e n t a d i e n e  (bp 5 0 - 7 0 ° C  @ 15 m m  Hg).
A  1000-ml, t h r e e -neck ed, r o u n d - b o t t o m e d  flask was fitted 
with a refl u x  c o n d e n s e r ,  gas inlet, 60-ml d r o p p i n g  funnel, and an 
o verh e a d ,  m e c h a n i c a l  stirrer. The flask was c h a rged with d ry THF 
(200 ml) and 1 , 2 , 3 , 4 , 5 - p e n t a m e t h y l c y c l o p e n t a d i e n e  (0.080 mol). 
S t i r r i n g  and d r y  N2 f l o w  were c o m m e n c e d  and the flask was cooled 
to 0 °C over an i c e - w a t e r  bath. The d r o p p i n g  funnel was charged 
with methyl 1 ithium (0.090 moles) w hich was added d r o p w i s e  over a 
20 m i n u t e  period. The r e s u l t i n g  y e l l o w  s u s p e n s i o n  of lithium penta- 
m e t h y l c y c l o p e n t a d i e n i d e  was stirred at 0° C  for 2 hours.
M e a n w h i l e ,  a 1000-ml, t h r e e - n e c k e d ,  r o u n d - b o t t o m e d  flask 
was taken into a d r y - b o x  along with a m a g n e t i c  s t i rring bar, two 
s t o p p e r s  and a gas inlet. Once in the d r y  box, Ti C 13 (0.030 moles)
was added d i r e c t l y  to the flask followed by h e x a n e  (50 ml). The 
flask was r e m oved from the dry box and set up next to the flask 
co n t a i n i n g  the lithium p e n t a m e t h y l c y c l o p e n t a d i e n i d e .
A c o n d e n s e r  and 125-ml d r opping funnel were purged of air 
b y  d r y  N2 and q u i c k l y  placed into the outer n e c k  of the flask 
c o n t a i n i n g  the Ti C l3 solution. In the cent e r  neck was placed a 
r u b b e r  s erum cap. M a gnetic stirring and d ry N2 f l o w  w ere c o m m e n c e d  
and the flask was coo l e d  to 0 ° C  over an i ce-water bath. The d r o p p i n g  
funnel was c h a r g e d  with THF (50 ml) which was added s l o w l y  to the 
T i C 13 solution.
At this point the l i t hium p e n t a m e t h y l c y c l o p e n t a d i e n i d e  
was f o r c e d  th r o u g h  a narr o w  s t ainless steel tube using N2 pre s s u r e  
into the flask c o n t a i n i n g  the Ti Cl 3 solution.
After a d d i t i o n  was complete, the r e s u l t i n g  suspen s i o n  
of dark purp l e  solid was allowed to w a r m  n a t u r a l l y  to room t e m p e r a t u r e  
and then was r e f l u x e d  o v ernight. After r e fluxing, the m i x t u r e  was 
c o o l e d  to 0 °C ove r  an ice-water bath. The d r o p p i n g  funnel was charged 
w i t h  12 N HC1 (160 ml) w hich was added s l o w l y  to avoid spa t t e r i n g  
and to control reflux. C h l o r o f o r m  (100 ml) was added d r o p w i s e  to 
the r e s u l t i n g  m i x t u r e  which had c h a n g e d  f rom purple to b r o w n i s h - r e d  
in color.
The c o n t e n t s  of the flask w ere t r a n s f e r r e d  into a 2000-ml 
s e p a r a t o r y  funnel. The o r g a n i c  layer was s e p a r a t e d  and the aqueous 
layer was e x t r a c t e d  three times with C H C 13 (total v o l u m e  400 ml).
The e x t r a c t s  were c o m b i n e d  with the o r g anic 1ayer and dried over 
MgSOq, fil t e r e d  and c o n c e n t r a t e d  under r e d u c e d  pressure.
A dark purple solid was p r e c i p i t a t e d  duri n g  volu m e  reduction. 
This solid was e x t r a c t e d  o v e r n i g h t  in hexane (275 ml) in a Soxhlet 
apparatus. A fter e x t r a c t i o n  was com p l e t e  the h e x a n e  s o l vent c o n t a i n i n g  
the p r o duct was cool e d  to -10°C in a freezer. Fine brown n e e dles  
w e r e  c o l l e c t e d  by suction f i l t r a t i o n  through a Buchner funnel (3.123 g).
Characteri zation
A 1 h nmr s p e c t r u m  of 1 , 2 , 3 , 4 , 5 - p e n t a m e t h y l c y c l o p e n t a d i e n e  
s h o w e d  chemical shifts of 1.00 (doublet, J=2 Hz, 3H), 1.80 (singlet,
12H) and 2.47 (multiplet, 1H) ppm. These shifts are in a g r e e m e n t  
with those r e p o r t e d  in the l i t e r a t u r e . 4 ^ A -*-H nmr s p e c t r u m  o f  bis( 5- 
p e n t a m e t h y l c y c l o p e n t a d i e n y l ) t i t a n i u m  (IV) d i c h l o r i d e  s h o w e d  a s i n g l e 
chemical s hift at 1.97 ppm (lit. 2.00 p p m ) . 4 ^ See Figure 2 in the 
Appendix. The m e l t i n g  point o f  (Me5C p )2T i C l2 was 2 6 3 - 2 6 5 ° C  (lit. 
2 7 3 ° C ) . 44
•A m i n o r  product sho w e d  a ^H-nmr s p e c t r u m  c o n s i s t i n g  o f  a 
s i n g l e  signal at 2.23 (singlet) ppm. B r i n t z i n g e r 4 ^ reports a value 
o f  2.35 (singlet) ppm for (MegCp) Ti Cl 3.
A THF s o l u t i o n  o f  the isolated ( M e g C p j T i013 was a n alyzed 
by HPLC under the follo w i n g  conditions :
S o l vent s y s t e m  70/30 h e x a n e / T H F
Flow rate 2.0 ml min~l
Injection volume 2.0 1
The c h r o m a t o g r a m  s h o w e d  two peaks of r e t e n t i o n  volume 3.5 m and 4.0 m, 
r e s p e c t i v e l y . When a small amount of ( M e g C p ^ T i C l 2 was added to the
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(Me5C p ) T i C l3 solution, the peak at 4.0 ml grew. This fact s u g g e s t e d  
that the two c ompounds (M e5C p ) T i C l3 and ( M e g C p )2T i C l2 m i g h t  be s e p a r a b l e  
by p r e p a r a t i v e  HPLC.
D e s c r i p t i o n  o f  Instruments and Equip m e n t  used.
A H e w l e t t - P a c k a r d  model 5 7 1 1 (FID) gas c h r o m a t o g r a p h  with a flame 
i o n i z a t i o n  d e t e c t o r  was used for all analytical glc analysis. The 
s y s t e m  also c o n t a i n e d  a H e w l e t t - P a c k a r d  3 3 8 0 - S  integrator. The columns 
used wer e  the follo w i n g  p u r c h a s e d  from Supelco, Inc.: 10' x 1/8"
10% C a r b o w a x  20M on S u p e l c o p o r t  8 0 / 1 0 0  or a series column c o n s i s i n g  
o f  the 10% C a r b o w a x  20M plus an 81 x 1/8" 10% XE-60 on S u p e l c o p o r t 
80/100.
P r e p a r a t i v e  s e p a r a t i o n s  w ere p e r f o r m e d  on a H e w l e t t - P a c k a r d  5750 
(TCD) gas c h r o m a t o g r a p h . The column used was 10' x 1/4" 20% C a r bowax 
2 0M on C h r o m a b s o r b  WHP 80/100.
An Hitachi P e r k i n - E l m e r  R20B s p e c t r o m e t e r  was used for analysis 
o f  c e r t a i n  o f  the compo u n d s  and inter m e d i a t e s  formed, e s p e c i a l l y  in 
the s y n t h e s i s  of r i n g - s u b s t i t u t e d  t i t a n o c e n e  d i c h l o r i d e  compounds.
A Varian F T - 8 0 A  nmr s p e c t r o m e t e r  was used for 'H and 13c analysis 
o f  the isolated products o f  S y s t e m  I reactions.
A na l y t i c a l  s e p a r a t i o n  of (M e5C p )Ti Cl 3 from (t4e5C p )^Ti C 12 was 
c a r r i e d  out on a high p e r f o r m a n c e  liquid c h r o m a t o g r a p h  m a n u f a c t u r e d  
by Waters Assoc i a t e s .
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R ESULTS AN D  D I S C U S S I O N
Simple s t e r e o s e l e c t i v e  routes to m o l e c u l e s  c o n t a i n i n g  t r i s u b s t i t u t e d  
o l e f i n s  are not common. Thus, we were pl e a s e d  to find that several internal 
h o m o p r o p a r g y l i c  alcohols when allowed to react f irst with t r i m e t h y l a l u m i n u m  
and then with t i t a n i u m  t e t r a c h l o r i d e  led, after p r o t o n o l y s i s , to good yie l d s  
of a single s t e r e o i s o m e r i c  alkenol. R e s u l t s  of these m e t h y l a t i o n  studies 
are s u m m a r i z e d  in Tables 4 through 7.
S chia v e l l i ,  Plunkett, and T h o m p s o n ^  r e c e n t l y  r e p o r t e d  that 3-pentyn-l -ol 
and 3-hexy n - l - o l  ( H O C ^ C ^ C E E E C - R ,  R = C H3, C2H5) when allowed to r eact with 
the trimethylaluminum-titaniurn t e t r a c h l o r i d e  r e a g e n t  system led to 4 - m e t h y l -
3 -pen t e n - l - o l  and ( Z ) - 4 - m e t h y l - 3 - h e x e n - l - o l  in y i e l d s  g r e a t e r  than 70%.
Both alkynols u n d e r w e n t  m e t h y l a t i o n  almost e x c l u s i v e l y  at the u n s a t u r a t e d  
carb o n  atom f u r t h e s t  from the hydroxyl group. Furthe r m o r e ,  the o n l y  s t e r e o i s o m e r  
o b t a i n e d  was that arising from syn or cis a d d ition of a m e t a l - m e t h y l  entity.
With these p r e l i m i n a r y  results in mind, we sought to d e t e r m i n e  if other 
internal a l k ynols would undergo similar reaction.
Initially, we chose to extend the r e a c t i o n  to 3 - h e p t yn-l -ol and 5 - m e t h y l -3- 
hexyn-l-ol (H0C H2C H2C = C - R ,  R= - C H2C H2C H3, and - C H (C H3)2) - Our p u r pose for 
c h o o s i n g  th e s e  two alkynols was to d e t e r m i n e  if larger alkyl groups at the
4 - c a r b o n  would, due to steric bulk, alter the reaction. Two pos s i b l e  steric 
e f f e c t s  w e r e  antici p a t e d :  1) inhibition of the overall c a r b o m e t a l1ation
or 2) f o r m a t i o n  of a product having the o p p o s i t e  r e g i o c h e m i s t r y . From the 
p a t h w a y  for c a r b o m e t a l 1 at ion proposed in Figure 2 the pos s i b l e  e f f ects of 
larger terminal alkyl groups on r e g i o s e l e c t i v i t y  are unclear. It appears 
that the overall y i e l d  of c a r b o m e t a l1ated p r o duct should d e c r e a s e  with i ncreasing 
steric c o n s t r a i n t s  about the alkyne f u n c t i o n a l i t y .  It is well known in Z i e g l e r - N a t t a
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Figure 3. ^H-NMR spectral data from Trost"^ of interest to the 
characterization of trisubstituted olefins.
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o l e f i n  p o l y m e r i z a t i o n  that internal o l e f i n s  do not h o m o p o l y m e r i z e . Again, 
we w ere p l e ased to find that 3 - heptyn-l -ol and 5 - m e t h y l - 3 - h e x y n - l - o l  gave 
c a . 6 0 %  y i e l d s  of a single product, that arising from addition of a methyl 
g r o u p  to the 4-c a r b o n  in a cis fashion. The r e s p e c t i v e  products w ere (Z )- 
4 - m e t h y l - 3 - h e p t e n - l - o l  and ( Z ) - 4 , 5 - d i m e t h y l - 3 - h e x e n - l - o l . Very r e c e n t l y  
it has also been shown that 3-nonyn-l- ol under similar c o n d i t i o n s  g ives ca.
7 0% y i e l d  of ( Z ) - 4 - m e t h y l - 3 - n o n e n - l - o l .46
Thus, it appears that the r e a c t i o n  of internal h o m o p r o p a r g y l i c  a l k ynols 
w i t h  the trimethyla luminum-titaniurn t e t r a c h l o r i d e  r e a gent sys t e m  m a y  provide 
a general r oute to the synt h e s i s  of ( Z ) - 4 - m e t h y l - 3 - a l k e n o l s . This r e a ction 
is c o m p l e m e n t a r y  to that r e p orted r e c e n t l y  by Koboyashi, Valente, and N e g i s h i ^  
to give ( E ) - 4 - m e t h y l - 3 - a l k e n - l - o l s .  Th e i r  synthesis u t ilizes the m e t h y l -  
z i r c o n a t i o n  (via A l2M e6~ Z r C p2C l2) of terminal alkynes f o l l o w e d  by r e a c t i o n  
of a r e s u l t i n g  a l k e n y l - 1 ithiurn species with an e p o x i d e  such as e t h y l e n e  oxide. 
The reac t i o n ,  w h i l e  c o n s i s t i n g  of several steps, is n o n e t h e l e s s  c o n v e n i e n t  
and e f f i c i e n t ,  i.e. "single pot". Negishi and c o w o r k e r s  have o n l y  studied 
alkynes w i t h  seven or m o r e  carbon atoms. In order to pr e p a r e  the (E) isomer 
c o r r e s p o n d i n g  to ( Z ) - 4 - m e t h y l - 3 - h e x e n - l - o l , Negishi and c o w o r k e r s  wo u l d  need 
to " m e t h y l z i r c o n a t e "  the simple alkyne propyne. An u n a n s w e r e d  q u e s t i o n  is 
w h e t h e r  this could be done w i t h o u t  c a u s i n g  o l i g o m e r i z a t i o n  of the propyne 
itself since various z i r c o n i u m  c o m p o u n d s  have been used e f f e c t i v e l y  as 
c o m p o n e n t s  of Z i e g l e r - N a t t a  p o l y m e r i z a t i o n  s y s t e m s . ^8
P H __
We also inv e s t i g a t e d  the m e t h y l a t i o n  of 5 - h e p t yn-3 -ol (CHgCh^CHCE^CzziC-CHg) 
in o rder to d e t e r m i n e  if s u b s t i t u e n t s  at the h y d r o x y l - b e a r i n g  carbon and 
terminal o l e f i n i c  carbon would affect the m e t h y l a t i o n .  R e f e r e n c e  to Table 
4 shows that this d i s u b s t i t u t e d  s e c o n d a r y  alkynol u n d e r w e n t  m e t h y l a t i o n  with 
a similar y i e l d  and s e l e c t i v i t y  to that of the p r i m a r y  alkynols.
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Finally, we invest i g a t e d  the m e t h y l a t i o n  of 5-hexyn-3- ol to ascer t a i n  
any special e f f e c t  of a carbinol ethyl gr o u p  alone on the m e t h y l a t i o n  of 
a terminal alkyne. This substrate, wh i c h  is a n a l o g o u s  to 5 - heptyn-3 -ol allowed 
us to r e a d i l y  e x a m i n e  the s t e r e o s e l e c t i v i t y  of the m e t h y l a t i o n  of an alkynol 
h avi n g  a carbinol ethyl substituen t. Again, the y i e l d  was good and the sole 
p r o d u c t  was ( E ) - 4-hept en-l-ol arising f r o m  terminal and cis m e t h y l - m e t a l  1ation 
(Table 7).
The structural c h a r a c t e r i z a t i o n  of t r i s u b s t i t u t e d  olefins has been m a d e  
m u c h  e a s i e r  wit h  the r e a d y  a v a i l a b i l i t y  of proton and parti c u l a r l y ,  c a r b on-13, 
nmr s p e c t r o s c o p y . In su m m a r i z i n g  synth e t i c  work re l a t e d  to the j u v e n i l e  
h o r m o n e  of H y a l o p h o r a  c e cropia, T r o s t ^  shows that t r i s u b s t i t u t e d  olefins, 
w h e r e  one of the s u b s t i t u e n t s  is a methyl group, have a d i s t i n c t i v e  C H3 proton 
chemical shift s p l i t t i n g  pattern. R e f e r e n c e  to the c o m p o u n d s  in Figure 3 
shows that two structural types need to be c o n sidered . When the o l e f i n i c
r r' r  ^ c h3
C=C and C=C
/  \  /  \  /
H CH3 H R
methyl gr o u p  is trans to a h y d rogen the chemical shift tends to be near 1.60 
ppm and no c o u p l i n g  with the vinylic prot o n  is observed. However, when the 
methyl g roup is cis to the hydrogen the chemical shift is nea r e r  1.70 ppm 
and, m o r e  s i g n i f i c a n t l y ,  a cou p l i n g  c o n s t a n t  of 1 to 1.5 Hz is u s u a l l y  observed.
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Figures 4 - 7  show the proton nmr spectra for the three t r i s u b s t i t u t e d  
a l kenols s y n t h e s i z e d  in this work. When one exa m i n e s  the proton nmr spectra 
for the p r o ducts of m e t h y l a t i o n  of 3-heptyn-l -ol and 5 - m e t h y l - 3 - h e x y n - l - o l  
(Figures 5 and 6 ) p r o m i n e n t  o l e finic methyl group r e s o n a n c e s  are observed 
at 1.63 and 1.70 ppm, respe c t i v e l y .  Both peaks are split into d o ublets with 
c o u p l i n g  c o n s t a n t s  of ca.. 0.9 and 1.5 Hz, r e s p e c t i v e l y . The product derived 
f rom 3-hep t y n - l - o l  c l e a r l y  exis t s  in the cis m e t h y l - h y d r o g e n  config u r a t i o n .
The o b s e r v e d  chemical shift and s p litting pattern agree w ith T r o s t ' s  observatio ns. 
The 1.63 ppm shift for the product derived from 5 - m e t h y l - 3 - h e x y n - l - o l  m a y  
app e a r  to o ffer i n c o n c l u s i v e  d ata for the cis c o n f i g u r a t i o n ; however, the 
substantia l c o u p l i n g  ( J ^ 1 . 5  Hz) o b s e r v e d  in this signal s t r o n g l y  suggests 
the cis m e t h y l - h y d r o g e n  r e l a t i onsh ip. A reason for the o c c u r r e n c e  of the 
signal at h i g h e r  field m a y  be a strong i n t eractio n of the o l e f i n i c  methyl 
gr o u p  with the bu l k y  isopropyl group.
The ole f i n i c  methyl groups of 6- m e t h y l - 5 - h e p t e n - 3 - o l  (Figure 4) are 
of p a r t i c u l a r  interest since one group is cis and the other is trans to a 
vinylic hydrogen. From T r o s t ’s summary, the trans methyl r e s o n a n c e  should 
be near 1.6 ppm; indeed, there is a p r o m i n e n t  singlet at 1.63 ppm. Downfield, 
at 1.73 ppm, is the cent e r  of a nic e l y  r e solved d o u b l e t  w ith c o u p l i n g  constant 
of ca. 1.1 Hz as e x p e c t e d  for a cis methyl group. Likewise, un p u b l i s h e d  
w o r k 4 6> f o r  4 - m e t h y l - 3 - p e n t e n - l - o l  shows two methyl r e s o n a n c e s  at 1.64 and 
1.72 ppm. O n l y  the latter is split (doublet, J = 0 . 5  Hz). Hence, these 
r e s o n a n c e s  are a s s i g n a b l e  to the trans and cis methyl groups, respective ly.
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The proton nmr s p e c t r u m  of the m e t h y l a t e d  p r o duct derived from 5-hexyn-3- ol  
(Figure 7) offers e v i d e n c e  that the p r o duct is ( E ) - 5 - h e p t e n - 3 - o l . There is 
a d o u b l e t  c e n t e r e d  about 1.70 ppm (J ca. 9 Hz) w h i c h  can r e a s o n a b l y  be 
as s igned to a vinylic methyl group split by a s i n g l e  h y drogen on an a d j acent  
car b o n  atom. A m u l t i p l e t  c e n t e r e d  about 5.5 ppm in the absence o f  a r e s o n a n c e  
near the 4.5 to 5.0 ppm range is c o n s i s t e n t  o n l y  wit h  the product arising 
from terminal m e t h y l a t i o n .
The l ^ C - n m r  data (Figures 8-11) pr o v i d e  further e v i d e n c e  that the 
c a r b o m e t a l1 at ion r e a c t i o n  took place in the syn fashion to yi e l d  t r i s u b s t i t u t e d  
olefins w i t h  the (Z) c o n f i g u r a t i o n . Consider the two model c o mpounds  
illust r a t e d  b e l o w . 50 When the methyl g r o u p  on the sam e  o l e f i n i c  carbon
(17.8) (13.1)
H CH, CH, CH,n, /  3 v3 /  3
C=C C=C
CH3 CH(CH3)2 H CH(CH3)2
(28.5) (37.4)
(Z) 
3,4 -dimethyl- 2-pentene
as the n-propyl group is cis to the hydrogen, the methyl group s hift is 
23.9 ppm; w hen trans the shift is 16.1 ppm. In both isomers the £ - p r o p y l  methyl 
r e s o n a n c e  is near 14.4 p p m . 50 The nmr s p e c t r u m  for our product (Figure 10) 
arising from m e t h y l a t i o n  o f  3-heptyn-l -ol shows that the peak at highest field is 
at 13.8 ppm with the next two peaks o c c u r r i n g  at 21.1 and 23.3 ppm. Clearly, the 
peak at 13.8 ppm arises from the jn-propyl methyl group. Compar i s o n  with 
the model (Z) isomer above shows that the peaks at 21.1 and 23.3 ppm are 
a s s i g n a b l e  o n l y  to the (Z) isomer o f  the "middle" m e t h y l e n e  o f  the jn-propyl 
group and the o l e finic methyl group, r e s p e c t i v e l y .  Thus, the product o f
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the c a r b o m e t a l 1 at ion o f  3-heptyn-l -ol is that arising from cis addition.
Two model isomers r e l ated to the product o f  5 - m e t h y l - 3 - h e x y n - l - o l  
m e t h y l a t i o n  are sh o w n  below. In the (Z) isomer w here the methyl group
(16.1) (2 3 .9 )
CH3 /CH3 Hv _  /c h 3
/ -  (21.8 ) /•C — C \c (21.6)
h ' c h 2c h2c h 3 c h 3 c h 2c h 2c h 3
(4 2 .7 ) (14.3) (34 .3 ) (14.6)
(E) (Z)
3- methyl-2- hexene
is on the same car b o n  as the isopropyl group and is cis to the hydrogen, the 
methyl r e s o n a n c e  is at 17.8 ppm. The (E) isomer in which the s i m i l a r  
methyl gr o u p  is trans to the o l e finic hyd r o g e n  has a r e s o n a n c e  s h i f t e d  upfield
to 13.1 ppm. For the product o f  5 - m e t h y l - 3 - h e x y n - l - o l  m e t h y l a t i o n  the peak at
h i g hest field occurs at 18.0 ppm. This o b s e r v a t i o n  tog e t h e r  with the 'H-nmr 
d ata c l e a r l y  c o n f i r m  the (Z) c o n f i g u r a t i o n .
There remains the question o f  w h e t h e r  the methyl group adds to the 3 or 
4 carbon; i.e. are the products (Z)-3-methyl or ( Z ) - 4 - m e t h y l - 3 - a l k e n - l - o l s .
The que s t i o n  o f  methyl addition to the 3 or 4 carbon in 3-heptyn-l -ol can
h o c h 2c h 2 r
"c=cy 
/ \
H CH3
(Z)-4-methyl-3- alken - l-ol
H0CH2CH2 R
;c=<  
CH3 H
(Z)-3-methyl-3-alken-l-ol
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be ans w e r e d  from chemical shift a d d i t i v i t y  r e l a t i o n s h i p s  for 1 3 g _ nmr given 
by B r e i t m a i e r  and Voe l t e r . ^ l  Shift parameters are s u m m a r i z e d  in Table
8 below. The parame t e r s  in Table 8 r e p r e s e n t  shift c o n t r i b u t i o n  to the
ol e f i n i c  c a r b o n  atoms (relative to e t h y l e n e )  due to various carbon c o n t a i n i n g  
su b s t i t u e n t s .  From these parameters one can c a l c u l a t e  the chemical shifts 
for the 3 - c a r b o n  and 4-carbon. In addition to the parameters in Table 8, 
Schiavelli , et al.^ d e t e r m i n e d  the group p a rameters for the h y d roxyeth yl 
g r o u p  in t r i s u b s t i t u t e d  olefins to be ct=7.48 and ot'=-1.10 ppm. One can 
now c a l c u l a t e  the shifts in ( Z ) - 4 - m e t h y l - 3 - h e p t e n - l - o l  to be:
3- c a r b o n  shift - 123.3 + 7.48 + 2(-5.14) + (-1.22) + 1.20 = 120.5 ppm
4 - c a r b o n  shift = 123.3 + 2(6.35) + 6.47 + (-0.66) + (-1.10) = 140.7 ppm.
T hese c a l c u l a t e d  shifts are in e x c e l l e n t  a g r e e m e n t  with the o b s e r v e d  shifts 
o f  120.4 and 138.9. A s i m i l a r  c a l c u l a t i o n  for ( Z ) - 3 - m e t h y l - 3 - h e p t e n - l - o l  
yields shifts o f  131.7 (3-carbon) and 128.9 (4-carbon) ppm; c l e a r l y  this 
isomer is e x cluded.
For the p r o duct d e r i v e d  from the i s o p r o p y l - c o n t a i n i n g  alkynol, the 
q u e s t i o n  o f  methyl group addition at the 3- or 4 - c a r b o n  is i m m e d i a t e l y  
a n s w e r e d  from the 'H-nmr spectrum. The vinylic h y d r o g e n  r e s o n a n c e  occurs 
at 5.0 ppm as a w e l l - d e f i n e d  triplet w h i c h  c l e a r l y  indicates that it is 
at the 3 - c a r b o n  to which a m e t h y l e n e  unit is also bound. If the hyd r o g e n  
was at the 4 - carbon, then a d o u blet should occur due to cou p l i n g  with 
the s i n g l e  m e t h i n e  hydrogen o f  the isopropyl group. Thus, the product 
from the m e t a l - m e t h y l a t i o n  o f  5 - m e t h y l - 3 - h e x y n - l - o l  is ( Z ) - 4 , 5 - d i m e t h y l - 3 - h e x e n -  
l-ol. The c a l c u l a t e d  shifts for the 3- and 4 - c a r b o n s  o f  the m e t h y l a t i o n  
p r o d u c t  from 5 - m e t h y l - 3 - h e x y n - l - o l  offer final c o n f i r m a t i o n  that the p r o d u c t 
is (Z ) - 4 , 5 - d i m e t h y l - 3 - h e x e n - l - o l .
For this isomer:
3 - c a r b o n  shift = 123.3 + 7.48 + 2(-5.14) + 2(-1.22) - 118.9
4 - c a r b o n  shift = 123.3 + (-1.10) + 2(6.35) + 2(6.47) = 147.8 
T hese c a l c u l a t e d  values are in good agree m e n t  with the o b s e r v e d  values 
o f  118.9 and 144.3 ppm. A s s u m i n g  m e t h y l a t i o n  takes place at the 3- 
c arbon, the c a l c u l a t e d  shifts are 129.6 (3-carbon) and 136.4 (4-carbon) 
ppm wh i c h  are c l e a r l y  not in a g reement with the o b s e r v e d  shifts.
The second e m phasis of this res e a r c h  was to i n v e s t i g a t e  the effect 
o f  alkyl s u b s t i t u t e d  c y c l o p e n t a d i e n y l  rings in b i s ( c y c l o p e n t a d i e n y l )- 
t i t a n i u m  d i c h l o r i d e s  as co m p o n e n t s  of alkynol a l k y l a t i o n  r e a g e n t  systems. 
T h o m p s o n  and c o w o r k e r s ^  have r e p o r t e d  that b i s ( n ^ - c y c l o p e n t a d i e n y l ) and 
b i s ( p ^ - m e t h y l c y c l o p e n t a d i e n y l ) t i t a n i u r n  dichlo r i d e s  when used with 
d i e t h y l a l u m i n u m  c h l o r i d e - a l k y n o l  s o lution give e x c e l l e n t  yields o f  e t h y l - 
m e t a l l a t e d  product. A d d i t i o n a l l y ,  the t i t a n i u m - c y c l o p e n t a d i e n y l  c o mpound 
can often be used in less than a s t o i c h i o m e t r i c  amount r e l a t i v e  to the 
alkynol. However, the r e g i o s e l e c t i v i t y  o f  the c a r b o m e t a l 1ation was 
u n s a t i s f a c t o r y .  While much less d ata was r e p o r t e d  for t hese systems 
w ith t r i m e t h y l a l u m i n u m  as the m ain group alkyl, the yields here were good 
h o wever, w hile the r e g i o s e l e c t i v i t y  was better, f a voring internal m e t h y l a  
tion, again it was less than desirable. With this b a c k g r o u n d  in view 
we t h o u g h t  that i n c o r p o r a t i o n  of a t-butyl group into eac h  ring or 
i n c o r p o r a t i o n  of five methyl groups into each ring m i g h t  s i g n i f i c a n t l y  
c h a n g e  the r e g i o s e l e c t i v i t y  to give a s i n g l e  isomer.
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Table 8. C Chemical Shift Parameters for Different Kinds of Alkenines 
(Relative to Ethylene)^
Parameter Monosubstituted
alkenes
Disubstituted
alkenes
1,2-Disubstituted 
alkenes
Trisubstituted
alkenes
a 12.63 ± 0. 18 8.75 ± 0.43 2.61 ± 0.12(a+c0 6.35 ± 0.07
3 4.55 ± 0.06 5.90 ± 0.81 6.50 ± 0.05 6.47 ± 0.22
y -1.18 ± 0.07 -1.10 ± 0.11 -0.72 ± 0.10 -0.66 ± 0.29
a ( -8.03 ± 0.18 -6.59 ± 0.43 -2.61 ± 0.12(a+a") -5.14 ± 0.07
3* -1.95 ± 0.06 -1.86 ± 0.81 -1.82 ± 0.05 -1.22 ± 0.22
Y' 1.41 ± 0.07 1.99 ± 0.11 0.93 ± 0.10 1.20 ± 0.29
c 0.45 ± 0.08
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The solid state m o l e c u l a r  s t r u c t u r e s  of ( r ^ - C g H g )2T iCl 2 and ( n ^ - C g l ^ C H g )2T iCl 2 
are the same, as shown by X-ray crystal s t r u c t u r e  d e t e r m i n a t i o n .54,55,56 
In fact, the methyl s u b s t i t u e n t  exerts an " e s s e n t i a l l y  n e g l i g i b l e  effect 
on the basic m o l e c u l a r  c o n f i g u r a t i o n . . . " . ^  On the other hand, the 
crystal s t r u c t u r e  for (ri^-Cs(CH3)5)2TiCl 2 shows a m a r k e d  effect due 
to the methyl subst i t u e n t s .
In (n^-C5H4C H3)2T i C l2 the methyl g roup carbon is e s s e n t i a l l y  in 
the plane of the c y c l o p e n t a d i e n y l  ring. In (rj^-C5 (CH3)5 )2Ti Cl 2 the 
methyl group c a r b o n  atoms are from 2° to 20° out of the plane of the 
ring and the angle w h i c h  the rings m a k e  with the t i t a n i u m  atom is somewhat 
larger (137°) than for the u n s u b s t i t u t e d  and m o n o - m e t h y l  analogs (ca. 130°).
These d i s t o r t i o n s  have been a t t r i b u t e d  to a c o m b i n a t i o n  of m e t h y l - m e t h y l  
and m e t h y l - c h l o r i n e  i n teractio ns. The latter type of i n t eractio n is 
of a type wh i c h  could s i g n i f i c a n t l y  influence c a r b o m e t a l1ation at a 
t i t a n i u m  center; that is, it sug g e s t s  d e f i n i t e  ring in t e r a c t i o n  with 
ot h e r  c o o r d i n a t i o n  sites about titanium.
Our e x p e c t a t i o n s  for a s i g n i f i c a n t  im p r o v e m e n t  in the r e g i o s e l e c t i v i t y  
with b i s ( n ^ - t ^ - b u t y l c y c l o p e n t a d i e n y l ) t i t a n i u m  d i c h l o r i d e  as a p r o m o t e r / c a t a l y s t  
for the m e t h y l a t i o n  and e t h y l a t i o n  of 3 - b u t yn-l- ol (chosen as the test 
alkynol for these studies) was not met. S u r p r i s i n g l y ,  and d i s c o u r a g i n g l y ,  
the _t-butyl g roup had little effect. We w ere p l e ased to find that m e t h y l a t i o n  
of 3 - b utyn-l- ol w ith b i s ( n ^ - p e n t a m e t h y l c y c l o p e n t a d i e n y l ) t i t a n i u m  d i c h l o r i d e  
gave a single isomer ( 3 - m e t h y l - 3 - b u t e n - l - o l ) alt h o u g h  e t h y l a t i o n  with 
this p r o m o t e r / c a t a l y s t  was u n s a t i s f a c t o r y . The r e s u l t s  of this i n v e s t i g a t i o n  
are p r e s e n t e d  in Tabl e s  9 t h r o u g h  12.
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In concl u s i o n ,  it has been d e m o n s t r a t e d  that the t i t a n i u m  t e t r a c h l o r i d e -  
t r i m e t h y l a l u m i n u m  r e a g e n t  syst e m  is very e f f e c t i v e  in s t e reo- and regio- 
s e l e c t i v e l y  m e t h y l a t i n g  d i s u b s t i t u t e d  alkynols of the h o m o p r o p a r g y l1ic 
type to give ( Z ) - 4 - m e t h y l - 3 - a l k e n - l - o l  products. This reagent system 
should be v ery useful in s e l e c t i v e  s i tuations involving s i m ilar alkynol 
s u b s t r a t e s  and e x t e n s i o n  to other a l k y l a l u m i n u m  rea g e n t s  is a dis t i n c t  
po s s i b i1i t y .
While b i s ( t > b u t y l c y c l o p e n t a d i e n y l ) t i t a n i u m  d i c h l o r i d e  gave e s s e n t i a l l y  
no c h a n g e  in r e g i o s e l e c t i v i t y  when c o m pared to u n s u b s t i t u t e d  and mo n o m e t h y l  
a n a logs and suggests that m o n o a l k y l c y c l o p e n t a d i e n y l  ligands will not 
aid r e g i o s e l e c t i v i t y ,  the bis(ri5 ~ p e n t a m e t h y l c y c l o p e n t a d i e n y l  )titanium 
d i c h l o r i d e  g ave a single i n t e r n a l l y  m e t h y l a t e d  product alt h o u g h  the 
e t h y l a t i o n  was unsat i s f a c t o r y .  This p r e l i m i n a r y  work, however, suggests 
that there m a y  be useful selec t i v e  r e a c t i o n s  with (ri^-C5(CH3)5)2T i C l2 
and t r i m e t h y l a l u m i n u m .  Further work will be needed to e s t a b l i s h  this.
APPENDIX
S p e c t r a  o f  Selected A l kynols and Cy c l o p e n t a d i e n y l  Compounds.
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